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Berries are known for many health benefits including anti-inflammatory properties that 
lower risks of chronic diseases. These properties have been linked to high concentrations of 
phenolic compounds, especially anthocyanins. However, the present study hypothesized that 
volatiles could contribute to the berries’ bioactive properties. Thus, the objectives of this 
research are to profile the phenolic and volatile composition of 16 blackberry genotypes 
harvested at the Fruit Research Center of the University of Arkansas and to evaluate the anti-
inflammatory capacities of three selected genotypes on inflamed cells. Phenolic and volatile 
profiles were evaluated using chromatographic techniques. The three genotypes A2528T, 
A2587T and Natchez were selected based on their low (2419 ppb), medium (3882 ppb) and high 
(5574 ppb) concentration in total volatiles, respectively. The anti-inflammatory properties were 
assessed in vitro on LPS-inflamed RAW264.7 macrophage murine cells after a preventive 
treatment of either a 10-, 20- or 40-fold diluted phenolic extract, or a 2-, 4- or 8-fold diluted 
volatile extract. A2528T, A2587T and Natchez genotypes had total phenolic contents of 4,807, 
4,115, 4,435 µg Gallic Acid Equivalent (GAE)/g, respectively and total volatile contents of 
2,418, 5,574 and 3,882 ng/g, respectively. Phenolic extracts of A2528T, A2587T and Natchez 
diluted 10-fold inhibited nitric oxide (NO) production by 42%, 24% and 20% on average, 
respectively, while volatile extracts of the same genotypes diluted 2-fold inhibited NO 
production by 23%, 32% and 22% on average, respectively. The volatile extracts of all three 
genotypes (A2528T, A2587T and Natchez) at the 2-fold dilution inhibited interleukin-6 (IL-6) 
production by 40%, 58% and 45% on average, respectively. Within both the IL-6 and Tumor 
Necrosis Factor alpha (TNF-a) assays, there was a visual clue of an anti-inflammatory effect of 
 
 
blackberry extracts, but the small sample size with a wide variability did not allow the statistical 
model to detect a strong significant difference between the extracts and the positive control.    
Volatile compounds along with phenolics contributed to the berries’ anti-inflammatory 
effect. More data needs to be collected within the IL-6 and TNF- a tests to conclude a significant 
anti-inflammatory effect of blackberry phenolics and volatiles. Additional research is also 
needed to identify classes of volatiles responsible for anti-inflammatory activity, to determine 
potential synergistic effects between phenolic and volatile fractions, and to replicate the present 
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I. Chapter 1: Introduction 
With 67% of their worldwide acreage based in the United States, blackberries are 
becoming more common in the American diet (Strick et al., 2007). These berries are known for 
many health-promoting properties such as antioxidant, anticancer or anti-inflammatory capacities 
(Bowen-Forbes, Zhang, & Nair, 2010). Blackberries contain a variety of phenolic compounds, 
anthocyanins, flavonols, tannins, and phenolic acids responsible for bioactive properties and 
health-benefits. Anthocyanins in particular, which are responsible for the berry colors, are often 
the center of the studies since they are also the major blackberry phytochemical (Strick et al., 
2007). 
In a study conducted by Bowen-Forbes et al. (2010), the anthocyanin content, 
antioxidant, anti-inflammatory and anticancer properties of blackberry and red, black, or yellow 
raspberry were investigated. Interestingly, the black raspberry, which had the highest 
anthocyanin content, showed the lowest antioxidant activity, as opposed to the yellow raspberry, 
which had the lowest anthocyanin content, but the highest antioxidant activity. This observation 
supported the hypothesis that there could be other compounds participating in the 
aforementioned health-benefits of the berries. Moreover, the hexane-extracts of berries showed 
the best inhibition of cancerous cell proliferation, compared to methanol- or ethyl-acetate-
extracts. Since volatiles, and especially monoterpenes, are extractable with hexane (Jiang, 
Kempinski, & Chappell, 2016), this result led us to hypothesize that the health-beneficial 
properties of berries could be due to other bioactive compounds such as volatiles, rather than just 
the widely studied polyphenols. Blackberries contain a wide array of volatiles including acids, 
alcohols, esters, monoterpenes, and sesquiterpenes (Du, Finn, & Qian, 2010; Qian & Wang, 
2005) that could play a role in protection against inflammation.  
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Little to no research has yet been conducted on the behavior of berry or blackberry 
volatiles toward inflamed cells, but studies have demonstrated the anti-inflammatory capacities 
of essential oils that contain common blackberry volatiles (Hirota et al., 2010; Huo et al., 2013; 
Plastina et al., 2018). Moreover, a study carried out by Moore et al. (2019) on cranberries 
showed promising results. Phenolic and volatile extracts, as well as each of the four most 
abundant volatiles in cranberries, were tested for their anti-inflammatory capacities, before or 
after inflammation of RAW264.7 murine macrophage cells. When applied as a treatment after 
inflammation of cells, not only did the volatiles contribute to the anti-inflammatory properties of 
cranberries, but their effect was comparable to that of phenolics, even though they were, on 
average, 353 times less concentrated (1.8 ppm of volatiles vs. 635.7 ppm of phenolics). The 
study used concentrations of volatiles and phenolics present in fresh cranberries instead of 
testing equal concentrations of volatiles and phenolics. When used as a preventive treatment, 
before inflammation of cells, both phenolic and volatile extracts showed stronger anti-
inflammatory capacities, in comparison with treatment after inflammation. Therefore, this study 
demonstrated the ability of cranberry phenolics and volatiles to prevent and reduce the 
inflammation of RAW264.7 murine cells. Regarding the encouraging results of this study, and 
the blackberry’s gain of popularity for its health-related benefits (Seeram et al., 2006), the 
following hypotheses of research were developed: 1) blackberry volatile compounds 
contribute to the anti-inflammatory capacities of blackberries, and 2) blackberry 
commercial varieties and advanced breeding lines varying in volatile composition will 
possess varying anti-inflammatory capacities. To investigate these hypotheses, the phenolic 
and volatile composition of six named varieties and 10 advanced breeding lines of blackberry 
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will be determined, and the anti-inflammatory capacity of phenolic and volatile fractions will be 
evaluated on RAW264.7 murine macrophage cells. 
Thus, the objectives of this study will be: 
- Objective 1: to identify and quantify the blackberry phenolic and volatile compounds of 
six named-varieties and ten advanced breeding lines in the University of Arkansas fruit 
breeding program. 
- Objective 2: to evaluate the anti-inflammatory capacities on LPS-inflamed RAW264.7 
cells of the blackberry phenolic and volatile fractions of three selected genotypes from 
objective 1 using 3 different inflammation markers (Nitric Oxide, Interleukin-6 and 
Tumor Necrosis Factor alpha).  
- Objective 3: to confirm that the effect observed from objective 2 is due to the volatiles 
identified from objective 1.   
A simplified diagram of each step of the project is presented in Figure 1. 
II. Chapter 2: Literature review 
The first part of this literature review will serve as a prerequisite to the inflammatory 
process of cells.  
A. An introduction to the inflammatory process 
1.  Definition and mechanism 
Inflammation is the immune body’s response when harmful stimuli such as an infection 
or an injury occurs. In presence of such stimuli, inflammatory chemicals originate from the 
immune cells. Inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin-
6 (IL-6) or interleukin-10 (IL-10) are released and induce, through the catalysis of enzymes such 
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as cyclooxygenase-2 (Cox2), inflammatory markers such as nitric oxide (NO) or prostaglandins, 
creating an amplified inflammatory situation (Rajput & Wilber, 2010). 
When the aforementioned chemicals are overexpressed, or if inflammation is not 
resolved, the inflammation is defined as chronic. Chronic inflammation is a favorable 
microenvironment for the development of chronic diseases (Rajput & Wilber, 2010) such as 
cancers, cardiovascular diseases, asthma, or rheumatoid arthritis. Although the inflammatory 
stress is not responsible for these diseases, it contributes to their initiation and progression 
(Moore et al., 2019).  
2. Chronic inflammation, cancer, and oxidative stress 
Cancer is a disease characterized by the uncontrolled growth of tissues formed by DNA-
damaged and/or apoptosis-deprived cells and leads to the expansion of malignant tumors (Rajput 
& Wilber, 2010). The present study will be carried out on macrophage cells, so a focus is made 
on the relationship between inflammation and many potential chronic diseases including 
promotion.  
As mentioned previously, the process of inflammation induces a chain reaction of 
chemicals produced and released in the body. The side-effect of this defense mechanism is that it 
also maintains a favorable environment for cancer progression. For example, cytokines intervene 
at different stages of immune cell development from growth to activation. However, cytokines 
also promote cancer development through a diversity of mechanisms such as inhibiting apoptosis 
at the site of inflammation, establishing an immune-suppressed microenvironment close to the 
malignant cells, or activating inflammatory signals that activate other cytokines. Cytokines also 
induce NO which, on one hand, regulates angiogenesis and metastasis, and on the other hand, 
weakens the DNA repair machinery, resulting in DNA damage (Rajput & Wilber, 2010).  
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Also, cyclooxygenases regulate prostaglandin release and thus have an intermediary role 
between cancer and inflammation. In particular, the Cox2 isozyme is responsible for stimulating 
cell growth, suppressing programmed cell death, and promoting tumor development (Rajput & 
Wilber, 2010).  
Nuclear Factor-Kappa Beta (NF-kB) is also a mediator involved in inflammation and 
cancer balance by regulating the expression of inflammatory response chemicals such as IL-6, 
TNF- a, Cox2 or NO. As a consequence, NF-kB is able to promote cytokine expression by 
cancer cells, resulting in a signaling loop that maintains chronic inflammation. The generated 
inflammatory cells also release reactive oxygen species (ROS), which are responsible for 
carcinogenic mechanisms such as DNA damage or mutation, and oxidative stress (Rajput & 
Wilber, 2010). Even though the presence of oxidizing agents is primordial for the body as it 
protects it from infections and regulates cells metabolism (Baser & Buchbauer, 2015), excessive 
production of oxidants leads to oxidative stress, which causes oxidative damage, provoking an 
increased risk of chronic diseases including cancer (Strick et al., 2007). 
To summarize, under an imbalanced defense mechanism, a microenvironment of 
oxidative and inflammatory stress is maintained, which contributes to the initiation and 
progression of chronic diseases. Consequently, inflammation and oxidation levels have to be 
maintained at a right balance, which seems to be achievable through a plant-based diet rich in 
compounds having antioxidant and anti-inflammatory activities (Strick et al., 2007). 
3. Diet, chronic inflammation, and oxidative stress 
The diet plays an important part in the inflammation process. When rich in refined 
starches, sugar, and saturated trans-fatty acids, the diet is linked to an excessive production of 
inflammatory cytokines, leading in the long term to an increased incidence of chronic diseases. 
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Conversely, a diet rich in fruits, vegetables and whole grains, along with a healthy lifestyle 
(physical activity, no smoking, moderate alcohol consumption), is associated with lower 
initiation of inflammation and thus a lower risk of chronic diseases. Plant components such as 
phenolic compounds, carotenoids, vitamins and dietary fibers, contribute to the anti-
inflammatory and antioxidant capacity of fruits and vegetables (Giugliano, Ceriello, & Esposito, 
2006; Strick et al., 2007), as shown in Figure 2. In particular, blackberries are rich in phenolic 
compounds and many studies have reported their antioxidant and anti-inflammatory properties 
(Bowen-Forbes et al., 2010; Cho, Howard, Prior, & Clark, 2004; Kaume, Howard, & Devareddy, 
2012; Seeram et al., 2006; Strick et al., 2007). However, animal and human studies tend to show 
that anthocyanins have low bioavailability, in general of less than 5% in most studies 
(Kamiloglu, Capanoglu, Grootaert, & Van Camp, 2015; Kay, Pereira-Caro, Ludwig, Clifford, & 
Crozier, 2017). It is possible that these studies have not considered all of the potential phenolic 
metabolites as a result of phase II metabolism. As an example, cyanidin has potentially 26 or 
greater derivatives, an estimation based on potential phase II metabolites, products of microbiota 
transformations, and potential intermediates (Kay et al., 2017). In a recent study, Czank et al. 
(2013) used a C-tracer to track cyanidin-3-glucoside in humans and found that an average of 
44% of C-tracer was found in urine, breath and feces, demonstrating a much higher 
bioavailability than originally reported for anthocyanins.  
 No studies have been conducted on the bioavailability of blackberry volatiles, but since 
they share similar compounds with essential oils, previous research on essential oil was 
considered for this study. Kohlert et al. (2000) reported absorption values of 58-61% and 66% 
for a-pinene and limonene, respectively in human studies, and 5-6% of unmetabolized a-pinene 
and limonene was detected in blood, meaning that the majority of volatiles went through phase II 
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metabolism. This finding suggests that blackberry volatiles may be better absorbed by the human 
body than phenolics. These two phytochemical classes are detailed in the following sections.  
B. Berry phenolics 
Phenolic compounds are secondary metabolites found in higher plants. The phenolics 
primary role is to defend the plant against ultraviolet radiation and external aggression (Strick et 
al., 2007). 
1. Classification 
A phenol is an aromatic ring with several hydroxyl groups. Consequently, phenolic 
compounds contain one or more phenols. In fact, their classification depends on the number of 
phenol rings that they contain, and the groups bonded to them. Figure 3 presents a simplified 
classification of phenolic compounds (Manach, Scalbert, Morand, Rémésy, & Jiménez, 2004).  
Hydroxybenzoic and hydroxycinnamic acid derivatives are phenolic acids that contain 
only one phenolic ring. The association of more than one hydroxybenzoic acid derivative forms a 
tannin (Manach et al., 2004).  
Flavonoids, stilbenes and lignans contain more than one phenolic ring. Flavonoids, which 
are recognizable through two aromatic rings linked to an oxygenated heterocycle, are divided in 
to six subclasses (flavonols, flavones, isoflavones, flavanones, anthocyanidins or flavanols), 
depending on the heterocycle type (Manach et al., 2004).  
2. Blackberry phenolics profile  
Blackberries are rich in anthocyanins, ellagitannins, flavonols, procyanidins and phenolic 
acids (Kaume et al., 2012). Anthocyanins are the pigments responsible for the red, purple and 
blue colors of berries. They serve as pollination attractants, but also as phytoprotective agents as 
a result of their antioxidant capacity (Kaume et al., 2012; Strick et al., 2007). Since berry 
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phenolic composition depends on variety, growing season (Qian & Wang, 2005), ripening stage, 
and harvest and storage conditions (Strick et al., 2007), the range of total phenolics in 
blackberries varies greatly from 114 to 1056 mg/100 g fresh weight (Kaume et al., 2012). 
3. Health-benefits of blackberry phenolics 
The health-benefits of blackberry phenolics are numerous: they scavenge free radicals, 
providing a protective effect in age-related neurodegenerative diseases; they avoid oxidation of 
low-density lipoproteins, offering protection against cardiovascular disease; and they act at 
several points of the cancerous pathway, inhibiting cancer cell growth. Other potential health-
benefits are still being investigated, such as antimicrobial activities, neuroprotection, obesity 
prevention, protection of diabetic patients’ vascular system, and modulation of bone mineral 
density (Kaume et al., 2012). Even if the mechanisms behind the aforementioned health effects 
are not yet totally understood, there is strong evidence of the antioxidant and anti-inflammatory 
capacities of blackberry phenolics (Bowen-Forbes et al., 2010; Joseph, Edirisinghe, & Burton-
Freeman, 2014; Seeram et al., 2006).  
Indeed, berry phenolics are suspected to act as an antioxidant by scavenging free radicals 
or chelating metallic ions, and thus reducing oxidative stress (Kaume et al., 2012). They also act 
as anti-inflammatory agents by inhibiting Cox2 activity, and thus lowering the associated 
prostaglandin and NO production (Bowen-Forbes et al., 2010; Duthie, 2007; Kaume et al., 
2012). 
In a study conducted by Seeram et al. (2006), the phenolics of several berries including 
blackberries were extracted and tested in various human cell culture lines. The extracts showed a 
dose-dependent inhibition of growth of colon (HT-29, HCT116), prostate (LNCaP), breast 
(MCF-7) and oral (KB, CAL-27) cancer cells, and stimulated apoptosis 1.8-fold higher than the 
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controls. These effects were attributed to the anthocyanins; however, it is important to note that 
they were tested at a concentration that is not physiologically achievable.  
Also, blackberry phenolics are suspected to protect against cancer by activating the 
apoptosis mechanism (Strick et al., 2007), regulating enzymes playing a part in carcinogens 
metabolism, inhibiting NF-kB activation (Duthie, 2007), or expressing their anti-inflammatory 
and antioxidant capacities in order to avoid chronic inflammation and oxidative stress (Kaume et 
al., 2012; Strick et al., 2007).  
 To assess the antioxidant, anti-inflammatory and anticancer properties of berries, Bowen-
Forbes et al. (2010) extracted different berry phenolics using different solvents: hexane, 
methanol, or ethyl acetate. They also measured the anthocyanin content of each extract. 
Surprisingly, the yellow raspberry, which had the lowest anthocyanin content, had the highest 
antioxidant activity, while the black raspberry, which had the highest anthocyanin content, 
showed the lowest antioxidant activity. This observation led to the assumption that compounds 
other than anthocyanins could be responsible for the antioxidant properties of berries. Another 
fact supporting this idea is that the methanol and ethyl acetate extracts showed low to no capacity 
in inhibiting tumor proliferation in human breast (MCF-7), central nervous system (SF-268), 
lung (NCI-H460), colon (HCT-116) and gastric (AGS) cancer cells, but the hexane extracts 
showed the best results. This supports the assumption that compounds other than anthocyanins, 
such as the more non-polar volatiles, could be responsible for the anticancer properties of the 
berries.  
C. Berry volatiles 
Along with sugar and acids, volatiles are responsible for the berry’s typical flavor and 




Volatiles, by definition, are substances with a very low boiling point, which makes them 
vaporize easily at ambient temperature (Moore et al., 2019). Berry volatiles comprise diverse 
classes including acids, esters, alcohols, aldehydes, ketones, lactones, phenols, or terpenoids 
(Moore et al., 2019). Terpenoids are carotenoid derivatives. Their structure is characterized by 
the presence of one or several isoprene units, and their classification depends on the number of 
isoprenes that they contain. For example, as shown in Figure 4, a monoterpene such as linalool 
or a-terpineol, has two isoprene units, and a sesquiterpene such as farnesol, has three isoprene 
units (Belitz, Grosch, & Schieberle, 2004; El Hadi, Zhang, Wu, Zhou, & Tao, 2013; Moore et al., 
2019).  
2. Blackberry volatiles profile 
The volatile composition of blackberries depends on variety, ripening stage, and harvest 
and storage conditions (El Hadi et al., 2013; Qian & Wang, 2005). No research has been 
published on the particular genotypes that will be investigated in this study, but a preliminary 
analysis of some of the named-varieties was conducted at the time of this proposal’s writing 
(unpublished data). The few published papers on blackberry volatile composition concerned 
different varieties and different countries (USA (Du et al., 2010; Qian & Wang, 2005; Gu et al., 
2020), Poland (Wajs-Bonikowska et al., 2017), Italy and Spain (D’Agostino et al., 2015), Brazil 
(Jacques, Chaves, Zambiazi, Brasil, & Caramão, 2014). For the purpose of this specific study, 
we focused on the Du et al. (2010) and Qian and Wang (2005) papers, with the assumption that 
varieties grown in the Pacific Northwest region of the U.S. would have similar volatile 
composition as the samples proposed for this study.  
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A preliminary analysis using Gas Chromatography-Mass Spectrometry (GC-MS) allowed 
the identification of volatiles in Prime-Ark® and Osage, two of the varieties that will be used in 
this study (unpublished data). Alcohols (39-45%), aldehydes (23-25%) and monoterpenes (15-
22%) were the major classes of volatile compounds in both varieties (Figure 5).  
Du et al. (2010) and Qian and Wang (2005), respectively identified and quantified the 
volatile composition of ‘Marion’ and ‘Black Diamond’ blackberries grown in Oregon, USA in 
2004 and 2006, and ‘Marion’ and ‘Thornless Evergreen’ blackberries grown in Oregon, USA 
from 1999 to 2001. As shown in Figure 6, by confounding data of all berries and all growing 
seasons, the most abundant classes of volatiles were determined to be alcohols (32%), acids 
(32%) and monoterpenes (24%), which differs from the preliminary analysis of Prime-Ark® and 
Osage. In Prime-Ark® and Osage, alcohols were the first major class of volatiles, and 
monoterpenes third, but the second major class was aldehydes and not acids. In fact, Prime-Ark® 
and Osage had very few acids whereas ‘Marion’, ‘Thornless Evergreen’ and ‘Black Diamond’ 
had 32% of acids, and Prime-Ark® and Osage contained 23-25% aldehydes, while the three 
other varieties had very few aldehydes.  
 The average concentration of compounds from all growing seasons and all three varieties 
presented by Du et al. (2010) and Qian and Wang (2005) showed hexanoic acid, 2-heptanol, 
linalool, a-pinene, acetic acid, butanoic acid, octanol, hexanol, benzyl alcohol, and p-cymen-8-ol 
to be the 10 major volatile compounds (Figure 7). Accordingly, 2-heptanol, hexanol and p-
cymen-8-ol were also cited as some of the major blackberry volatiles by El Hadi et al. (2013).  
3. Health-benefits of blackberry volatiles 
Moore et al. (2019) demonstrated the ability of cranberry volatiles to prevent and reduce 
inflammation of RAW264.7 murine cells. The anti-inflammatory properties of volatiles were 
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compared to that of phenolic extracts, as well as major individual volatiles found in cranberries 
such as a-terpineol and linalool. When used as a preventive treatment (i.e. before inflammation 
of cells), both phenolics and volatile extracts were more effective than when used as a treatment 
after inflammation. In fact, when applied as a treatment after inflammation of cells, the volatiles 
contributed to the anti-inflammatory properties of cranberries, and their effect was comparable to 
that of phenolics, even though they were 353 times less concentrated (1.8 ppm of volatiles vs. 
635.7 ppm of phenolics). The goal of this study by Moore et al. (2019) was to compare phenolics 
and volatiles at concentrations found in fresh cranberries, which contrast with most cell culture 
studies where different chemicals compounds are evaluated at equimolar concentrations. Also, 
when focusing on the anti-inflammatory capacities of individual volatiles, a-terpineol (at 
concentrations of 1160.3 and 580.2 ppb) and linalool (20.7 ppb) showed a significant reduction 
of nitric oxide (NO) when used as a preventive treatment. Accordingly, Oliveira et al. (2012) 
demonstrated that a-terpineol, at concentrations of 1, 10 and 100 ppm, significantly reduced NO 
production before inflammation of peritoneal macrophages. In the study of Moore et al. (2019), a 
concentration of 1160.3 ppb of a-terpineol demonstrated a significant reduction of NO when 
used as a treatment after inflammation of cells. Linalool treatment did not lower NO levels, 
which was attributed to the low concentration of linalool tested (20.7 ppb), which simulates the 
low concentration of linalool in cranberries. However, according to Huo et al. (2013), linalool at 
tested concentrations ranging from 40 to 120 ppm, was able to inhibit production of TNF-a and 
IL-6 after inflammation of RAW264.7 cells. Linalool was also able to inhibit the NF-kB factor 
(Baser & Buchbauer, 2015). 
A year after the present research project started, a paper was published (Gu et al., 2020), 
addressing the inhibitory capacity of six different berries including blackberries towards several 
 
 13 
cytokines including NO, IL-6 and TNF-a. Similarly to Moore et al.’s study (2019), both 
phenolic and volatile extracts had an inhibitory effect on NO, as well as IL- 6 and TNF-a, and 
both extracts had a similar effect (i.e. not statistically significantly different) even though the 
tested concentration of phenolics vs. volatiles was very different. Indeed, the blackberry phenolic 
extracts containing 77 µg/g total phenolics (Gallic Acid Equivalent) inhibited NO, IL-6 and 
TNF-a by 67%, 14% and 12%, respectively, while the blackberry volatile extracts containing 
0.24 µg/g total volatiles inhibited NO, IL-6 and TNF-a by 71%, 35% and 17%, respectively. The 
volatile profile of the blackberries revealed that acids, alcohols and esters were predominant, but 
the composition in individual volatiles was not presented.  
Among the ten aforementioned major volatile compounds in blackberries (Du et al., 
2010; Qian and Wang, 2005), no research papers have been found on the link between hexanoic 
acid, 2-heptanol, butanoic acid, octanol, hexanol, benzyl alcohol, acetic acid, or p-cymen-8-ol, 
and potential health-beneficial properties. However, linalool, a-pinene and a-terpineol are often 
cited in essential oil-related papers. Indeed, except for Moore et al.'s (2019) recent research 
(which focused on cranberry volatiles), studies involving blackberry volatile characterization 
only considered their aroma attributes, not their potential health-benefits. In the case of Gu et al. 
(2020), only the classes of volatiles found in the extracts were presented rather than the 
composition in individual volatile compounds. Since essential oils are a mixture of secondary 
plant metabolites (Baser & Buchbauer, 2015) such as lipophilic, liquid or volatile compounds 
(Kohlert et al., 2000), and because blackberries also contain some of these volatiles, it is possible 
to link the blackberry volatiles with investigations on essential oil health-benefits. For example, 
essential oil from C. operculatus, containing 47% of monoterpenes and 37% of sesquiterpenes, 
inhibited TNF-a and interleukin 1b (IL-1b) in RAW264.7 cells after inflammation (Dung, 
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Bajpai, Yoon, & Kang, 2009). Chinotto essential oil, containing mostly limonene, linalool, 
linalyl acetate and g-terpinene, inhibited the expression of Cox-2, IL-6, IL-1b and NO after 
inflammation of RAW264.7 cells (Plastina et al., 2018). Sobral, Xavier, Lima, & de Sousa 
(2014) also reviewed in vitro and in vivo studies of essential oils antitumor properties and 
reported a-terpineol, a-pinene and linalool to express antitumor activities.  
Also, essential oils containing a diverse range of monoterpenes including a-pinene, a-
terpineol, or linalool demonstrated an ability to neutralize free radicals, revealing the antioxidant 
capacities of essential oils (Baser & Buchbauer, 2015).  
To conclude, essential oils and cranberry volatiles, which both contain similar volatile 
compounds as blackberries, have demonstrated anti-inflammatory, antitumor, and antioxidative 
activities. Additionally, blackberry phenolic and volatile extracts showed promising inhibitory 
effects on NO, IL-6 and TNF-a in a study published at the same time the present study was being 
developed (Gu et al., 2020). These observations consolidate the idea that volatiles could 
participate in health-benefits of blackberries and support the relevance of this study.  
III. Chapter 3: Establishing blackberry phenolic and volatile profiles  
A. Introduction 
Before assessing the anti-inflammatory capacities of blackberry extracts, the stage of 
ripeness of each fruit sample was evaluated through pH, titratable acidity and soluble solids 
measurements. Then, the phenolics and volatiles were extracted, identified and quantified.  
B. Materials 
Six named-varieties (Ouachita, Osage, Prime-Ark® 45, Natchez, Prime-Ark® Traveler, 
Caddo) and 10 advanced breeding lines (A2526T, A2528T, A2538T, A2547T, A2587T, 
A2610T, A2620T, A2658T, A2701T, APF409T) were harvested at the University of Arkansas 
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Fruit Research Station in Clarksville, AR. Fruits were picked if they were fully black and based 
on ease of abscission from pedicel, according to the recommendation of Perkins-Veazie et al. 
(1996). The berries were transported in coolers to the Department of Food Science, and upon 
arrival they were placed into Ziplock bags and stored at -20°C until further analysis.  
C. Methods 
1. Evaluation of ripeness 
For each genotype, three sets of five randomly sampled blackberries were pressed to 
extract their juice, and juice samples was used for measurement of pH, titratable acidity and 
soluble solids. Each measurement was repeated in triplicate for each genotype.  
The pH was measured with a Metrohm 862 Compact Titrosampler (Metrohm AG, 
Herisau, Switzerland). The probe was left soaking in blackberry juice and pH was read after 2 
min.  
The Metrohm 862 Compact Titrosampler was also used to measure titratable acidity. A 
volume of 50 mL of degassed water was added to 6.00 ± 0.05 g of blackberry juice. The solution 
was titrated with 0.1 N NaOH to an end point of 8.2. The percentage of citric acid was 
determined using the formula below. 
%	𝑐𝑖𝑡𝑟𝑖𝑐	𝑎𝑐𝑖𝑑 = 	
[𝑁𝑎𝑂𝐻	𝑣𝑜𝑙𝑢𝑚𝑒] × [0.1	𝑁	𝑁𝑎𝑂𝐻] × [0.064] × [100]
𝑠𝑎𝑚𝑝𝑙𝑒	𝑤𝑒𝑖𝑔ℎ𝑡  
The soluble solids content was measured using a Bausch & Lomb Abbe Mark II 
refractometer (Scientific Instruments, Keene, NH).  
2. Solvent extraction of blackberry phenolics 
Due to varying berry sizes among genotypes, all blackberries were cut longitudinally and 
only one half of each berry was kept for sampling in order to better represent the sample’s 
variability. A sample of 50 g of half-fruits was weighted in triplicate for each genotype. Then, 
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blackberries were homogenized with an IKA T-18 Ultra-Turrax mixer (Wilmington, NC) in 
extraction solvent containing methanol, water and formic acid (60:37:5 v/v/v) and then 
centrifuged at 10,000 rpm for 5 min. The supernatant was filtered through MiraCloth 
(CalBiochem, LaJolla, CA) into a flask, and the pellet was re-extracted with acetone, water and 
acetic acid (70:29.5:10.5 v/v/v) solvent before being centrifuged at 10,000 rpm for 5 min. These 
steps were repeated until the sediments recovered from the MiraCloth and the pellet following 
centrifugation had no visible color. The sediments and MiraCloth were then rinsed with the 
solvents into the flask containing all supernatants. Samples were then adjusted with extraction 
solvent to 500 mL in a volumetric flask.  
3. Identification and quantification of blackberry phenolics 
a) Anthocyanins 
Aliquots (5 mL) of phenolic extracts obtained by the previous solvent extraction were 
dried using a Speed-Vac® Plus SC210A concentrator and brought back to a volume of 1 mL in 
5% formic acid. The solution was then filtered through a 0.45 µm filter (Whatman, Marlborough, 
MA). 
Anthocyanins were identified according to the method described by Cho et al. (2004). All 
filtered samples were sent to the Arkansas Statewide Mass Spectrometry Facility (University of 
Arkansas, Fayetteville, AR) for Liquid Chromatography Mass Spectrometry (LC-MS) analysis. 
The High-Performance Liquid Chromatography (HPLC) system consisted of a Hewlett Packard 
1100 HPLC (Hewlett Packard, Palo Alto, CA) equipped with an autosampler, binary HPLC 
pump and UV/VIS detector. A 250 X 4.60 mm Symmetry 5 µm C18 column (Waters Corp., 
Milford, MA) was used for separation with compounds monitored at 510 nm. The mobile phase 
consisted of a 5% formic acid solution (solvent A) and methanol (solvent B). Through a solvent 
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flow rate of 1 mL/min, the concentration of solvent A varied from 98% to 40% from 0-60 min, 
and then to 98% from 61-85 min. The system was interfaced to a Bruker Esquire LC/MS ion trap 
mass spectrophotometer with the following conditions: positive ion mode, capillary voltage of 
4000 V, nebulizing pressure of 30 psi, drying gas flow of 9 mL/min, 300°C, and a full scan mode 
comprising a mass range of m/z 50 to 1000 at 1 s/cycle. Compounds were identified using the 
m/z data, retention time and previous identifications reported by Cho et al. (2004).  
Anthocyanins were then quantified by injecting 50 µL of extract into a Waters HPLC 
system (Milford, MA) equipped with a model 600 pump, model 717 autosampler and model 996 
photodiode array detector. The same HPLC conditions described above were used. External 
calibration curves of a cyanidin 3-glucoside (C3G) standard (10-100 µg/mL, Polyphenol AS, 
Norway) were used to quantify anthocyanins. The results are expressed as mg of C3G 
equivalents (C3GE)/100 g fresh weight.  
b) Flavonols 
Aliquots (5 mL) of phenolic extracts (5 mL) were dried using a Speed-Vac® Plus 
SC210A concentrator and brought back to a volume of 1 mL in 50% methanol. The solution was 
then filtered through a 0.45 µm filter (Whatman, Marlborough, MA).  
Flavonols were identified according to the method described by Cho et al. (2005) at the 
Arkansas Statewide Mass Spectrometry Facility (University of Arkansas, Fayetteville, AR). 
Samples (50 µL) were injected into a Hewlett Packard 1100 HPLC (Palo Alto, CA) equipped 
with an autosampler, binary HPLC pump and UV/VIS detector set at 360 nm. A 250 X 4.60 mm 
Aqua® C18 column was used for analysis. The mobile phase consisted of a 2% aqueous solution 
of acetic acid (solvent A) and acetonitrile with a 0.5% aqueous solution of acetic acid in a ratio 
of 1:1 (v/v, solvent B). Using a solvent flow rate of 1 mL/min, the concentration of solvent A 
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started at 90% from 0-50 min, then decreased to 45% from 51-60 min and ended at 90% from 
61-75 min. The system was interfaced to a Bruker Esquire LC/MS ion trap mass 
spectrophotometer with the following conditions: negative ion mode, capillary voltage of 4000 
V, nebulizing pressure of 30 psi, drying gas flow of 9 mL/min, 300°C, and a full scan mode 
comprising a mass range of m/z 50 to 1000 at 1 s/cycle. Compounds were identified using the 
m/z data, retention time and previous identifications reported by Cho et al. (2005). 
Flavonols were quantified by injecting 50 µL of the extract into the same Waters HPLC 
system described above for quantification of anthocyanins and the HPLC conditions described 
above for identification of flavonols. External calibration curves of a rutin standard (10-100 
µg/mL, Millipore Sigma, Saint Louis, MO) were used to quantify flavonols. The results are 
expressed as mg of rutin equivalents (RE)/100 g fresh weight. 
4. Identification and quantification of blackberry volatiles 
For the preliminary analysis of blackberry volatiles, fresh blackberries, deionized water 
and NaCl were mixed using a ratio of 3:3:1 (w/v/w). Two samples of 4 mL were placed in vials 
and then an 85 µm DVB/CAR/PDMS Solid Phase Microextraction (SPME) fiber was placed in 
the headspace above the sample. The vials were held for 30 min on a stir plate set at 65°C before 
removing the SPME fiber and GC injection.  
Gas chromatography analysis was performed using a Shimadzu GC-2010 Plus Gas 
Chromatograph equipped with a Flame Ionization Detector (GC-FID) and a GCMS-QP2010 SE 
Mass Spectrometer (GC-MS). Samples were analyzed by both GC-FID and GC-MS and 
separation was performed on each using a HP-5 (30 m × 0.25 mm inner diameter, 5% phenyl-
methylpolysiloxane, 1.0 µm film thickness) capillary column (Agilent, Santa Clara, CA). For 
both GC-MS and GC-FID analysis, the injector temperature was 250°C. Helium was used as the 
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carrier gas and column flow rate was 1.92 mL/min for GC-FID and 1.20 mL/min for GC-MS. 
The oven temperature was programmed for a 4-min hold at 30°C, then 30°C to 180°C at 6 
°C/min, then from 180°C to 280°C at 8°C/min, and with a 3 min hold at 280°C. The GC-FID 
detector temperature was 280°C and the interface temperature for the GC-MS had an ion source 
temperature of 230°C and an interface temperature of 250°C. GC-MS was performed in full scan 
mode, with a scan range of 20-300 m/z. The volatiles were identified by comparison of their 
mass spectra with the National Institute of Standards and Technology NIST17 spectral library, 
literature data, and retention indices. The retention indices were performed after running alkane 
standards (Millipore Sigma, Saint Louis, MO) of 5 to 20 carbons and online searches of similar 
work with HP5 or DB5 columns.  
5. Statistical methods for blackberry profiling 
Principal Component Analysis was performed with JMP Pro® 14 using the cumulative 
concentration of each class of volatile compound for each variety, as well as the total volatiles 
concentration. The critical value of all tests was 5%. 
D. Results and discussion 
1. Evaluation of blackberry ripeness 
The blackberries’ pH, soluble solids and titratable acidity were measured, and the ratio of 
soluble solids/titratable acidity was calculated. The results are presented in Table 1 and 
expressed as mean ± standard deviation.  
Among genotypes, the pH varied from 2.9 ± 0.03 (A2620T) to 3.8 ± 0.03 (Prime Ark® 
Traveler), which was consistent with the range of 2.8 to 3.8 observed in literature (Dunteman et 
al., 2018; Segantini et al., 2018; Segantini, et al., 2017; Threlfall et al., 2016). 
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The percentage of soluble solids ranged from 9.7 ± 0.7% (A2620T and A2587T) to 12.5 
± 0.3% (Ouachita), which was slightly higher than the range of 8.2 to 11.9% observed in 
previous studies (Dunteman et al., 2018; Segantini et al., 2018, 2017; Threlfall et al., 2016).  
The percentage of titratable acidity varied between 0.5 ± 0.01% (Prime Ark® Traveler) 
and 1.7 ± 0.1% (A2620T). Overall, the values were consistent with previous studies with 
titratable acidities ranging from 0.7 to 1.4% (Dunteman et al., 2018; Segantini et al., 2018, 2017; 
Threlfall et al., 2016), but Prime Ark® Traveler and A2547T had slightly lower values (0.5 ± 
0.01% and 0.6 ± 0.1% respectively), and A2620T a slightly higher value (1.7 ± 0.1%). 
The calculated ratio of soluble solids over titratable acidity ranged from 5.7 ± 0.4 % 
(A2620T) to 19.5 ± 1.0 % (Prime Ark® Traveler) which was consistent with literature values, 
which ranged from 6.3 to 16.5 (Dunteman et al., 2018; Segantini et al., 2017; Threlfall et al., 
2016). However, higher values for A2547T (17.8 ± 2.1 %), Osage (13.3 ± 5.0 %), Ouachita (13.8 
± 2.8 %), Prime Ark® 45 (13.4 ± 2.0 %) and Prime Ark® Traveler (19.5 ± 1.0 %) indicated 
higher stages of ripeness, while lower values for A2528T (7.6 ± 1.2 %), A2610T (7.3 ± 0.6 %) 
and A2620T (5.7 ± 0.4 %) indicated earlier stages of ripeness (Dunteman et al., 2018; Perkins-
Veazie et al., 1996). 
2. Identification and quantification of blackberry phenolics 
a) Anthocyanins 
In order to simplify the analysis of results, the genotypes were divided into six groups 
depending on the specificity of their anthocyanin profiles: 
- Group 1: A2528T, A2587T, A2610T, Osage and Prime Ark® 45; 
- Group 2: Caddo; 
- Group 3: APF409T; 
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- Group 4: A2547T and A2620T; 
- Group 5: A2658T, A2526T, A2538T, A2701T, Ouachita and Prime Ark® Traveler; 
- Group 6: Natchez. 
One chromatogram is presented for each group in Figure 8. Anthocyanins were individually 
identified in Table 2 and quantified in Table 3. 
Five peaks were observed in group 1 chromatograms and were identified as Cyanidin 3-
glucoside (Cyd 3-glu), Cyanidin 3-rutinoside (Cyd 3-rut), Cyanidin 3-xyloside (Cyd 3-xyl), 
Cyanidin 3-malonylglucoside (Cyd 3-mal) and Cyanidin 3-dioxalylglucoside (Cyd 3-dio). These 
results are in accordance with the work of Cho et al. (2004) and Wu and Prior (2005), and are 
typical of the blackberries’ anthocyanin profiles. The other genotypes displayed four peaks or 
less and were identified as: 
- Cyd 3-glu, Cyd 3-rut, Cyd 3-xyl and Cyd 3-mal in group 2.  
- Cyd 3-glu, Cyd 3-rut and Cyd 3-xyl in group 3.  
- Cyd 3-glu, Cyd 3-mal and Cyd 3-dio in group 4.  
- Cyd 3-glu, Cyd 3-xyl, Cyd 3-mal and Cyd 3-dio in group 5.  
- Cyd 3-glu, Cyd 3-rut, Cyd 3-mal and Cyd 3-dio in group 6. 
Concentrations (mg C3GE/100g fresh weight) of each compound are presented in Table 
3. The concentration of total anthocyanins in all samples was on average 161.3 ± 37 mg/100g, 
which fell within the range of total anthocyanin concentrations reported by Kaume et al. (2012). 
However, on average, total anthocyanin concentrations in Natchez, Osage, Ouachita, Prime 
Ark® 45 and Prime Ark® Traveler were lower than values reported in previous studies. This 
discrepancy may be due to differences in environmental growing conditions among this study 
(2019) and previous studies (Segantini et al., 2017; Segantini, Threlfall, Clark, Howard, & 
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Brownmiller, 2018; Threlfall et al., 2016). The lowest amounts of total anthocyanins were 
observed in A2658T and the highest in A2547T.  
As expected (Fan-Chiang & Wrolstad, 2006; Kaume et al., 2012), Cyd 3-glu was the 
major anthocyanin in all genotypes, ranging from 79.9 mg C3GE/100g to 229.7 mg C3GE/100g. 
The lowest concentration was observed in A2658T and the highest in A2547T.  
The content of Cyd 3-rut ranged from 4.3 mg C3GE/100g to 25.9 mg C3GE/100g among 
genotypes, which is in accordance with the work of Fan-Chang and Wrolstad (2006) and Kaume 
et al. (2012). The lowest concentration was observed in Natchez and the highest in Caddo. The 
compound was not detected in eight genotypes (A2526T, A2538T, A2547T, A2620T, A2658T, 
A2701T, Ouachita and Prime Ark® Traveler). 
Cyd 3-xyl was found in concentrations between 3.1 and 14.0 mg C3GE/100g, which is 
consistent with prior research (Fan-Chiang & Wrolstad, 2006; Kaume et al., 2012). The lowest 
concentration was observed in Prime Ark® Traveler and the highest in APF409T. The 
compound was not detected in three genotypes (A2547T, A2620T and Natchez). 
The concentration of Cyd 3-mal ranged between 1.4 and 7.3 mg C3GE/100g, which 
agrees with previous research (Fan-Chiang & Wrolstad, 2006; Kaume et al., 2012). The lowest 
concentration was observed in A2658T and the highest in A2526T. The compound was detected 
in all genotypes except APF409T. 
Cyd 3-dio concentrations ranged between 1.1 and 16.3 mg C3GE/100g, which is in 
accordance with the work of Fan-Chiang and Wrolstad (2006) and Kaume et al. (2012). The 
lowest concentration was found in A2658T and the highest in A2526T. However, the compound 




Based on the idea that the flavonol profiles would be similar within genotypes, three out 
of the 16 were run through the LC-MS. The corresponding chromatograms are presented in 
Figure 9. The identification of each peak is presented in Table 4 and the concentrations are listed 
in Table 5. A total of 14 peaks were observed, with an average total flavonol concentration of 
10.9 ± 3.2 mg rutin equivalent (RE)/100g. This average fell within the low range of reported 
values ranging from 4 to 30 mg/100g and may indicate an advanced maturity stage (Kaume et 
al., 2012). Not all compounds were observed in all genotypes, but when present, they appeared 
within the concentration ranges reported in the literature (Cho et al., 2005; Kaume et al., 2012; 
Kolniak-Ostek, Kucharska, Sokół-Łętowska, & Fecka, 2015; Mikulic-Petkovsek, Slatnar, 
Stampar, & Veberic, 2012). 
Ouachita had the lowest concentration of total flavonols, 4.6 ± 0.5 mg RE/100g while 
A2528T and A2547T had the highest concentrations with an average of 16.3 ± 1.3 and 16.2 ± 0.6 
mg RE/100g, respectively. Interestingly, A2547T also had the highest concentration of total 
anthocyanins (Table 3).  
As expected, quercetin derivatives were found to be the most abundant type of flavonols 
in the blackberries, with quercetin 3-galactoside (2.69 ± 1.3 mg RE/100g on average), quercetin 
3-glucuronide (2.04 ± 1.2 mg RE/100g) and quercetin-3-O-[6’’-(3-hydroxy-3-methylglutaroyl)]-
 -galactoside (1.82 ± 0.7 mg RE/100g) being the most abundant forms (Kaume et al., 2012). 
However, no kaempferol nor myricetin derivatives were identified, but isorhamnetin 3-
glucuronide (0.70 ± 0.2 mg RE/100g on average) was observed whereas it had not been 
previously identified.  
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3. Identification and quantification of blackberry volatiles 
As shown in Figure 10, aldehydes, esters, monoterpenes, alcohols and acids were the 
major classes of volatiles found in the blackberries, corresponding respectively to 44, 18, 16, 10 
and 10% of total volatiles. Phenols, ketones, lactones, sesquiterpenes and norisoprenoids were 
not highly represented. These results are different from those of Du et al. (2010) and Qian and 
Wang (2005) where alcohols, acids and monoterpenes (32, 32 and 24% respectively) were the 
major classes, with other classes ranging between 0.1 and 3%. This is not surprising as the 
volatile composition of blackberries varies due to variety, ripening stage, and harvest and storage 
conditions (El Hadi et al., 2013; Qian & Wang, 2005).  
On average, the concentration of volatile compounds ranged from 2419 ± 250 ppb 
(A2528T) to 5574 ± 1109 ppb (A2587T). As expected, linalool was among the 10 major 
volatiles, but the other major compounds were different from Du et al. (2010) and Qian and 
Wang (2005) and in much lower concentrations. The 10 major volatiles were hexanal, ethyl 
acetate, 5-methyl-1-heptanol, octanoic acid, pentanal, 2-hexenal, linalool, 2-butenal- 3-methyl-, 
a-pinene and butanal-2-methyl (Figure 11).   
4. Determination and selection of blackberry profiles 
The Principal Component Analysis (Figure 12) revealed that the average of total volatiles 
was the dominant driver of clustering with more than 90% of the variance explained by the 
variable. Consequently, the genotypes were sorted by ascending values of average total volatile 
concentration (Figure 13): A2528T, A2526T, Ouachita, Prime Ark® 45, A2610T, A2701T, 




The lowest, medium, and highest average total volatiles were calculated and were 
respectively, 2419 ppb, 4007 ppb, and 5574 ppb, respectively. Based on their proximity to these 
values, three genotypes were selected for the second objective of this study: A2528T, Nat, and 
A2587T. The PCA’s graph of individual volatiles shows that these three genotypes were far 
away from each other and from the other genotypes. This confirms volatile variation in their 
profiles (low, medium and high) and supports the selection of these three genotypes for anti-
inflammatory testing.  
IV. Chapter 4: Assessing the anti-inflammatory effect of blackberry phenolic and 
volatile extracts  
A. Introduction 
The second objective of this study was to assess and compare the anti-inflammatory 
properties of phenolic and volatile extracts. Three blackberry genotypes (A2528T, Natchez, and 
A2587T) were selected based on their unique volatile profiles. Phenolics and volatiles were 
extracted from each genotype and analyzed by HPLC or GC-MS to determine phenolic and 
volatile composition before further use in cell culture studies. The total phenolic content and 
antioxidant capacities were also assessed using the Folin-Ciocalteu and DPPH assays, 
respectively.  
B. Materials  
RAW 264.7 mouse macrophage cells were purchased from the American Type Culture 
Collection (ATCC, Manassas, VA) and cultured in Dulbecco’s modified eagle’s medium 
(DMEM) enriched with 1% penicillin-streptomycin, 1% L-glutamine and 10% fetal bovine 
serum (FBS). The cells were incubated at 37°C in a 5% CO2 environment in 75 cm2 culture 
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flasks. All reagents were purchased from Promega® (Madison, WI) and Thermo Fischer 
Scientific (Waltham, MA).  
C. Methods 
1. Preparation of blackberry phenolics for cell culture 
The blackberry phenolics were extracted according to the solvent extraction method 
described in chapter 3. Three extractions were performed for each of the three selected 
genotypes. A volume of 50 mL, corresponding to 5 g of berries was dried using a Speed-Vac® 
Plus SC210A concentrator overnight. The samples were then resolublized in 5 mL of DI water.  
The phenolic extracts were subjected to Solid Phase Extraction (SPE) to remove non-
phenolic compounds. The SPE unit was equipped with Sep-Pak® C18 cartridges (Waters, 
Milford, MA) for each sample. Each cartridge was preconditioned with 20 mL of 80% methanol 
and 40 mL of DI water before the sample (5 mL) was loaded. The cartridge was then rinsed with 
40 mL DI water and the eluate was discarded. Next, the cartridge was rinsed with 80 mL of 80% 
methanol. The eluate was collected, dried overnight in a Speed-Vac® Plus SC210A concentrator, 
and residue re-solubilized in 5 mL of DI water. The concentration in anthocyanins before and 
after the SPE procedure is presented in Table 6.  
2. HPLC analysis of phenolic extracts 
The anthocyanin content of the phenolic extracts was measured by HPLC using the same 
protocol as described in chapter 3.  
3. Preparation of blackberry volatile extracts for cell culture 
For each genotype, 150 g of fresh blackberries, 150 mL of deionized water and 50 g of 
NaCl were mixed and then vacuum distilled for 30 min at 28 in. Hg in a 50°C water bath, 0°C 
condenser using a Buchi Rotavapor R-114 (Buchi, Flawil, Switzerland). The first 100 mL were 
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collected in a flask stored in an ice water bath and frozen at -20°C until use. The extraction was 
repeated three times for each genotype.  
4. HPLC and GC-MS analysis of blackberry volatile extracts 
The essences were analyzed by HPLC following the protocol described in chapter 3, 
except the detection wavelength was 280 nm. This analysis was performed to verify that no 
phenolic compounds were present in the essence. Then, GC-MS analysis of the essences was 
performed using the same protocol described in chapter 3.  
5. Total phenolic content  
The total phenolic content of blackberry phenolic and volatile extracts was assessed using 
the Folin-Ciocalteu assay (Ortiz, Marín-Arroyo, Noriega-Domínguez, Navarro, & Arozarena, 
2013). A standard solution of 100 ppm gallic acid was diluted to obtain a concentration range of 
3.125 to 100 ppm. A volume of 30 µL of gallic acid dilutions, DI water blank, non-diluted 
blackberry essence, and 100-fold diluted phenolic extract was added to a 96-well microplate in 
triplicate. Then, a volume of 150 µL of 0.2 N Folin reagent and 120 µL of 0.7 M sodium 
carbonate solution was added to each well. The plate was incubated in the dark for 2 hrs before 
reading the absorbance at 760 nm.  
The Gallic Acid Equivalent (GAE) concentration (ppm) was calculated as the corrected 
absorbance of the sample (i.e. the sample’s absorbance minus blank’s absorbance) divided by the 
slope of the standard curve.  
6. Antioxidant capacity assessment 
The antioxidant capacity of blackberry phenolic and volatile extracts was assessed by 
measuring free radical scavenging activity by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay 
(Gorinstein et al., 2004).  
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A standard solution of 1000 µM Trolox was diluted to build a range of concentrations 
from 31.25 to 1000 µM. A volume of 10 µL of Trolox dilutions, methanol blank, non-diluted 
blackberry essence, and 50-fold diluted phenolic extracts was added in a 96-well microplate in 
triplicate. Then, a volume of 140 mL of 0.1 mM DPPH was added to each well. The plate was 
incubated in the dark for 30 min before reading the absorbance at 517 nm. Results are expressed 
as µM of Trolox equivalents per mL of extract. 
7. Cell viability assay 
The effect of phenolic and volatile extracts on cell viability was measured by the MTS 
assay using a CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega Co., 
Madison, WI). Cells were seeded in three different 96-well plate and incubated for 24 hrs. Then, 
cells were treated with a 10-, 20- or 40-fold diluted phenolic extract or a 2-, 4- or 8-fold diluted 
volatile extract. After an hr of exposure to the extracts, each well was rinsed twice with WMEM 
before adding a volume of 100 µL of WMEM and 20 µL of MTS reagent in each well. The plate 
was incubated for an hour before reading the absorbance of wells at 490 nm. The manipulation 
was repeated after the second and third hr of exposure with the remaining plates. The 
concentration in formazan obtained by absorbance measurement was directly proportional to the 
number of living cells. Consequently, the viability of cells within one, two and three hrs of 
exposition with the blackberry extracts was calculated as a percentage with a non-treated control 
as reference.    
8. Anti-inflammatory capacity assessment of blackberry extracts 
Nitric Oxide (NO), Interleukin 6 (IL-6) and the Tumor Necrosis Factor alpha (TNF-a) 
were the three markers of inflammation investigated to determine the anti-inflammatory 
capacities of blackberry phenolic and volatile extracts.  
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Nitric Oxide measurement 
The Griess Reagent System was used to measure NO production as a marker of 
inflammation. Targeting a cell density of 1.0x104 cells/well, 100 µl of RAW264.7 cells in 
DMEM media were seeded in a 96-well plate (plate A) and incubated at 37°C and 5% CO2 for 
24 hr. After incubation, the media was replaced by media containing 0.02% of Tween 80 and 
either a 2-fold, 4-fold or 8-fold dilution of volatile extract, or 10-fold, 20-fold or 40-fold dilution 
of phenolic extract. Dilutions of the extracts had to be performed because the maintenance of 
cells requires the use of working media. 
After incubating for one hr, the treatment media was replaced by media containing 100 
ng lipopolysaccharides (LPS)/mL for 24 hr. Then, using a second 96-well plate (plate B), a 
nitrite standard reference curve was obtained through serial dilutions leading to a concentration 
range of 0 to 100 µM. Plate A was centrifuged for 1 min at 1,000 rpm, the supernatants were 
then added to plate B, and 50 µL of sulfanilamide solution was added to all standards and 
samples of plate B and left for 10 min in the dark. Then, 50 µL of N-1-napthylethylenediamine 
dihydrochloride (NED) was added to all standards and samples of plate B for 10 min in the dark. 
Finally, the absorbance was read by the plate reader at 540 nm, and the absorbance values were 
converted into NO levels using the nitrite standard curve and after deducting the background 
noise absorbance measured by the sample control media.  
For each blackberry genotype, there was three replicates of phenolic and volatile 
extractions. For each extraction, there was a total of three dilutions that were analyzed on the 
microplate in triplicate. A total of 14 microplates were used, and each sample was randomly 
tested among three different microplates. The repartition of the samples among each microplate 
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was determined using Microsoft® Excel version 16.34 with a randomizing formula. The results 
and an example are presented in the annex.  
IL-6 and TNF-a measurements 
 The levels of IL-6 and TNF-a produced by LPS-inflamed RAW264.7 cells was measured 
using enzyme-linked immunosorbent assay (ELISA): mouse IL-6 ELISA and mouse TNF-a 
ELISA (RayBiotech Inc., Norcross, GA).  
 Due to the higher costs of these experiments, three extractions of phenolics of one 
genotype and three extractions of volatiles of one genotype were pooled, leading to a total of two 
extracts per genotype rather than the 12 previously described for the NO assay. This fusion of 
replicates allowed to narrow down the use of three plates per marker rather than the 14 plates 
used for the NO assay.  
 Targeting a cell density of 1.0x104 cells/well, 0.5 mL of RAW264.7 cells in DMEM 
media were seeded in a 24-well plate and incubated at 37°C and 5% CO2 for 24 hr. After 
incubation, the media was replaced by new media containing 0.02% of Tween 80 and either a 2-
fold, 4-fold or 8-fold dilution of volatile extract, or 10-fold, 20-fold or 40-fold dilution of 
phenolic extract. After incubating for one hr, the treatment media was replaced by media 
containing 100 ng lipopolysaccharides (LPS)/mL for 24 hr. Then, the supernatants were 
centrifuged, aliquoted and frozen at -80°C until all samples required for the next step were 
collected. The samples were then thawed at room temperature and diluted 20-fold prior to 




9. Anti-inflammatory capacity assessment of a volatile standard mix 
The third objective of this study was to confirm that the anti-inflammatory effect 
observed within the blackberry volatile extracts was indeed due to the volatiles. To accomplish 
this, a mix of standard volatiles was prepared, based on the list of volatiles previously identified 
in the blackberry essence. Only one solution was prepared, and the concentration of each volatile 
standard was based on the average concentration among the three genotypes. Among all three 
genotypes, if a volatile was not detected in at least one of them, it was deleted from the list, 
which resulted in a list of 43 volatiles (Table 7).  
10. Experimental design and statistical analysis 
Three extractions of phenolics and three extractions of volatiles were performed for each 
blackberry genotype. On a 96-well plate, three dilutions of each extraction (10-, 20-, 40-fold for 
phenolics, 2-, 4- or 8-fold for volatiles) were repeated in triplicates. The measurements were 
repeated on three different plates. In the case of IL-6 and TNF-a, due to the high cost of a kit,  
three extractions of phenolics were pooled in a unique solution, and the three extractions of 
volatiles were combined in another unique solution. The three dilutions of each combined 
solution were tested in triplicate and the measurement repeated three times.  
Significant differences in nitric oxide, IL-6 or TNF-a concentrations between the controls 
and phenolic or volatile extract treatments were assessed through a nested ANOVA with 
pairwise differences determined using Tukey’s HSD multiple comparison adjustments. A 
variable “plate_ID” was attributed to each replicate based on the plate it was tested on. Indeed, 
the samples tested on one specific plate had the same cell line and cell passage, which made 
them dependent. To correct for this condition, a random effect was applied to the model based on 
the plate_ID variable. Differences between means were determined by Tukey’s HSD test. A 
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linear regression was used to determine the dose response relationship between the concentration 
of NO, IL-6 or TNF-a and the concentration of phenolics or volatiles in each respective extract. 
The critical value of all tests was 5%.  
D. Results and discussion 
1. HPLC analysis of blackberry phenolic and volatile extracts 
The HPLC chromatograms of the three volatile extracts did not show any significant 
peaks at 280 nm, indicating the absence of phenolic compounds in the volatile fraction. The 
phenolic extracts of the three genotypes showed one more peak than observed before, but its 
maximum absorption wavelength was 473 nm suggesting it was not a phenolic compound. This 
lambda maximum was characteristic of a carotenoid (Zigmantas, Hiller, Yartsev, Sundström, & 
Polívka, 2003) that was not observed before the phenolic extract was cleaned up using the SPE 
procedure. However, blackberries are known to contain low levels of carotenoids (Kaume et al., 
2012). 
After the SPE procedure, the total anthocyanin concentration was slightly higher in 
A2587T and Natchez, most likely due to the purification process behind the SPE procedure. 
However, the concentration before and after remained the same for A2528T (Table 6).  
2. Total phenolic content of blackberry phenolic and volatile 
extracts 
As shown in Figure 14, the total phenolic content (mg GAE/L) of the blackberry 
genotype extracts was 4435 ± 144 for Nat, 4115 ± 205 for A2587T and 4807 ± 341 for A2528T. 
These concentrations were within the range of 114 to 1056 mg/100g previously reported by 
Kaume et al. (2012), and consistent with the value of 460 mg/100g described by Acosta-
Montoya et al., 2010. 
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The total phenolic content of the blackberry volatile extracts was considered as being 0 
(below the limit of detection), which was expected. The test was performed on volatile extracts 
to confirm the absence of phenolic compounds in the extracts.  
3. Antioxidant capacity of blackberry phenolic and volatile extracts 
The antioxidant capacity of the blackberry phenolic extracts (µmol/mL) were 25 ± 2 
µmol/mL for Natchez, 24 ± 1 µmol/mL for A2587T and 30 ± 1 µmol/mL for A2528T (Figure 
15). These values were consistent with the range of 17 to 83 µmol/g reported by Kaume et al. 
(2012) using the ORAC assay. 
The concentration in Trolox equivalent for blackberry volatile extracts were very close to 
zero, revealing the low antioxidant capacity of volatile compounds. These results were expected 
as the essences do not contain any anthocyanins, which are highly correlated with antioxidant 
activities of blackberry fruits (Kaume et al., 2012).   
4. Cell viability assay 
The potential cytotoxicity of the phenolic and volatile extracts was measured with the 
MTS assay. The results are shown in Figure 16. None of the extracts was significantly different 
and lower than the non-treated cells, meaning that the extracts were not cytotoxic and that the 
effects observed in the following experiments were not due to a cytotoxic effect of blackberry 
extracts.  
5. Effect of blackberry phenolic and volatile extracts on NO 
production 
The concentrations of total phenolic and total volatiles in the extracts obtained from the 
three selected blackberry genotypes are presented in Table 8. The levels of inflammation i.e. 
changes in concentration of nitric oxide after LPS stimulation of cells are presented in Figure 17.  
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• Hypothesis 1 - Blackberry volatile compounds contribute to the anti-
inflammatory capacities of blackberries 
The same trend was observed among the three genotypes: the 10-fold diluted phenolic 
extract and all diluted volatile extracts were significantly different than the positive control mean 
response. In other words, the 10-fold diluted phenolic extracts and all diluted volatile extracts 
demonstrated a preventive anti-inflammatory capacity, as hypothesized.  
As shown in Figure 17, the 10-fold diluted phenolic extract and the 2-fold diluted volatile 
extract for A2587T did not share a letter in common, which means that they might have a 
different effect, but not sufficiently significant to be seen in the present model. Also, there was 
not sufficient evidence to claim that the effect of the 10-fold diluted phenolic extract and the 2-
fold diluted volatile extract of Natchez and the respective extracts for A2528T were significantly 
different. Interestingly, the average total volatiles concentration in the 2-fold diluted volatile 
extracts of A2528T and Natchez were 0.186 and 0.294 ppm, respectively while the phenolic 
concentration in the 10-fold diluted phenolic extracts were 481 and 443 ppm respectively, yet 
both extracts were not significantly different despite a marked difference in average 
concentration. This finding indicates a potentially much higher capacity for volatiles to prevent 
inflammation, which was already observed through the work of Moore et al. (2019). 
• Hypothesis 2 - Blackberry genotypes varying in volatile composition will possess 
varying anti-inflammatory capacities 
Even though all volatiles extracts were significantly different from the positive control 
with respect to mean NO response, we cannot conclude a difference in effect between the 2-fold 
diluted volatile extracts from the three genotypes. In other words, the present model did not show 
that a variation in total volatile concentration among the three genotypes (2.9X difference in 
volatile concentration between the highest A2587T and the lowest A2528T genotypes) affected 
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the anti-inflammatory response. It is possible that volatile composition may play a more 
important role than total volatile concentration in anti-inflammatory effect. However, this project 
was not designed to establish a correlation between an individual compound and the anti-
inflammatory effect.   
A lab-made mix of standard volatiles prepared at concentrations found in the blackberry 
extracts was significantly different with respect to mean NO response and lower than the LPS 
control (Figure 17), showing that the effect observed within the volatile extracts was indeed due 
to volatiles and not due to other compounds that may have been recovered by the low 
temperature hydrodistillation protocol. Additionally, there was no significant difference between 
the effect of the mix solution and the one of the volatile extracts as shown through the mean NO 
response (Figure 17). Although a dose dependent trend for the three dilutions of the volatile 
mixture was observed, there was no significant difference in mean NO among the three dilutions 
that ranged in concentration from 51 to 204 ppb. This finding indicates volatile compounds show 
potent anti-inflammatory effect at very low concentrations.  
A summary of the percentages of NO inhibition by volatile and phenolic extracts is 
presented in Figure 19. The range of inhibition varied from 20 to 42% within phenolic extracts 
and 10 to 36% within volatile extracts. A recent study on the anti-inflammatory effect of multiple 
berries (Gu et al., 2020) demonstrated a 68% inhibition of NO with a blackberry phenolic extract 
at 77 ppm in cell media (386 mg/100g diluted 50X). As a comparison, 77 ppm is a lower 
concentration than the 40X dilutions of the phenolic extracts used in this study for which no 
significant inflammatory effect was observed. The aforementioned study also reported a 69% 
inhibition with a blackberry volatile extract at 244 ppb in cell media (12,219 µg/kg diluted 50X). 
As a comparison, 244 ppb is a concentration that would be placed between the 2X and 4X 
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dilution of Natchez in the study, where average percentages of inhibition were 21 and 12%, 
respectively.  A reason behind differences in effect could be explained by the chemical profiles 
of the berries (Table 9): Gu et al.’s blackberries had less phenolics than the blackberries used in 
the present study and their dilution factors were 50, 100 and 200 fold compared to 10, 20 and 40 
fold in the present study. Gu et al.’s blackberries also had two times more volatiles than A2528T, 
five times more than A2587T and three times more than Natchez. These differences were 
diminished after the 50-fold dilution compared to the 2, 4 and 8 fold in the present study. 
However, it had on average much more acids, much less aldehydes, and less monoterpenes than 
the volatile extracts in the current study. Further data would need to be collected before drawing 
conclusions between the chemical profiles of the blackberries and the anti-inflammatory effect. 
However, these preliminary results might suggest that the volatile variation within our berries 
was not wide enough to exert a significant difference in effect.   
• Hypothesis 3 - There is a dose response i.e an increase in volatile content 
decreases the level of inflammation 
Based on the results of the linear regression shown in Figure 18, we can conclude that for 
phenolics, there was a strong dose response, which means that on average, a higher dilution 
corresponded to a weaker response. It also appeared that A2528 at the 10X dilution produced a 
stronger response than Natchez on average, but this result is likely not going to be significant 
after accounting for multiple comparisons. A multiple comparison test (Tukey HSD) showed that 
each genotype resulted in statistically significant differences in phenolic mean concentrations, 
with A2528 being the highest, Natchez the medium and A2587 the lowest. Combined, these 
results showed that A2528 had the strongest effect in reducing NO concentration, Natchez a 
moderate effect, and A2587 the least, on average with respect to phenolic concentrations. 
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In the case of volatile extracts, there is a significant linear relationship between volatile 
dilution and NO concentration. Similarly to the phenolic extracts, the multiple comparison test 
suggests that A2587 had the strongest effect in reducing NO concentration, Natchez a moderate 
effect, and A2587 the least effect, on average, with respect to volatile concentrations.  
6. Effect of blackberry phenolic and volatile extracts on IL-6 
production 
The concentrations of total phenolic and total volatiles obtained in the pooled extracts 
were instrumentally measured and are presented in Table 10. The levels of inflammation i.e. 
changes in concentration IL-6 after LPS stimulation of cells are presented in Figure 20. 
• Hypothesis 1 - Blackberry volatile compounds contribute to the anti-
inflammatory capacities of blackberries  
The average concentration in IL-6 measured within all volatile extracts was significantly 
different and lower than the LPS control, showing that all dilutions of volatiles of all three 
genotypes reduced the average level of inflammation, as hypothesized.  
Interestingly, only the effect of the 40X diluted phenolic extracts of all three genotypes 
were significantly different than the LPS control. Although it visually appears that the average 
IL-6 concentration of the 10X- and 20X-diluted phenolic extracts were lower than the average 
IL-6 concentration in the LPS control, the statistical model (nested ANOVA with a randomized 
effect on the plate reference), the low number of samples (three replications of a mix of three 
replicates) and the variability among the results might explain why the model did not detect a 
significant difference between the extracts and the control. The collection of more data points is 
required to better detect the differences between extracts and control.  
Gu et al. (2020) observed a significant difference between the IL-6 concentration of both 
blackberry phenolic and volatile extracts and the LPS control. However, the statistical analysis of 
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their results was based on a standard ANOVA instead of a nested ANOVA, which did not 
correct for the dependence of samples within one testing plate. This difference in statistical 
model explains the difference in significance between Gu et al.’s (2020) study and the present 
project. Indeed, in the present study, there was a strong effect of the plate_ID variable. 
• Hypothesis 2 - Blackberry genotypes varying in volatile composition will possess 
varying anti-inflammatory capacities  
Even though all volatiles extracts were significantly different from the positive control 
with respect to the mean IL-6 response, we cannot conclude of a difference in effect between the 
volatile extracts of the three genotypes. In other words, the present model did not show that a 
variation in total volatile concentration among the three genotypes (from 132 to 357 ppb between 
genotypes, Table 10) affected the anti-inflammatory response.  
A lab-made mix of standard volatiles prepared at concentrations found in the blackberry 
extracts had significantly lower mean IL-6 than the LPS control, showing that the effect 
observed within the volatile extracts was indeed due to volatiles and not due to other compounds 
that may have been recovered by the low temperature hydrodistillation protocol.  
In terms of inhibition of IL-6, Gu et al. (2020) reported a 15% and 35% inhibition, on 
average, with blackberry phenolic and volatile extracts, respectively. Figure 22 shows the 
percentages of inhibition measured in the present project. Percentages were very low within the 
phenolics compared to Gu et al.’s, but they were higher within the volatiles. Interestingly, the 
present project had volatile concentrations varying from 33 to 314 ppb (Table 10), yet the 
inhibition capacity of the lowest concentrated extract still had a higher inhibition capacity than 
previously reported by Gu et al. whose volatile concentration tested was 244 ppb. As previously 
discussed for the NO results, this difference could be explained by the difference in composition 
between the blackberry chemical profiles, but further research is necessary on this affirmation.  
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• Hypothesis 3 - There is a dose response i.e an increase in volatile content 
decreases the level of inflammation 
Based on the linear regressions presented in Figure 21, we can conclude that for 
phenolics there was a dose response i.e. the anti-inflammatory effect decreased as the 
concentration of phenolics decreased, even if the statistical model did not previously reveal a 
significant difference between the phenolics and the LPS control in average IL-6 mean. 
In the case of volatile extracts, the statistical tests did not show a clear dose response, i.e. 
the effect of the three dilutions of a volatile extract were not significantly different from each 
other. It is possible that the IL-6 production is less sensitive than the NO production so a higher 
difference in concentration between dilution is necessary to observe a clear linear dose response. 
In the studies cited previously, the berry extracts were either not assessed through the IL-6 test 
(Moore et al., 2019) or not tested through different dilutions (Gu et al., 2020) so it is difficult to 
conclude on the relevance of our results in regards of a dose response.  
7. Effect of blackberry phenolic and volatile extracts on TNF-a 
production 
The concentrations of total phenolic and total volatiles obtained in pooled extracts are 
presented in Table 10. The levels of inflammation i.e. changes in concentration TNF-a after LPS 
stimulation of cells are presented in Figure 23 a. 
• Hypothesis 1 - Blackberry volatile compounds contribute to the anti-
inflammatory capacities of blackberries  
The results of this experiment are not as clear as the previous ones. For all three 
genotypes, the average effect of the 10X-diluted phenolic extracts was significantly different and 
lower than the LPS extract. Interestingly, the average concentration in TNF-a for the 10X-
diluted phenolic extracts was higher than any of the concentrations within volatile extracts. Even 
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though it appeared that the volatiles reduced the concentration in TNF-a, the model did not show 
a significant difference in meansbetween any of the volatile extracts and the LPS control. 
Similarly to the IL-6 experiment, the statistical model (nested ANOVA with a randomized effect 
on the plate reference), the low number of samples (three replications of a mix of three 
replicates) and the variability among the results might explain why the model did not detect a 
significant difference between the volatile extracts and the LPS control. In Figure 23 b, the color 
of a replicate represents the plate it was tested on. It shows that the replicates are on average 
grouped by color on the low, medium or high end which demonstrates that the variability in the 
data is due to the variability between plates and thus, the collection of more data points is 
required to increase the sample size and better detect the differences between extracts and 
control. 
• Hypothesis 2 - Blackberry genotypes varying in volatile composition will possess 
varying anti-inflammatory capacities 
Because none of the volatile extracts were significantly different from the LPS control 
within the current statistical model and available data, no conclusion can be drawn on the 
variation in volatile composition and anti-inflammatory effect. The lab-made mix of standard 
volatiles prepared at concentrations found in the blackberry extracts was not significantly 
different than the other volatile extracts, and confirmed once again that the effect observed 
within the volatile extracts was indeed due to volatiles and not due toother compounds that may 
have been recovered by the low temperature hydrodistillation protocol.  
If the concentration in TNF-a was considered significant different between volatile 
extracts and LPS control, our inhibition capacity (Figure 24) would be two-fold higher than that 
reported by Gu et al. (2020). As aforementioned, this difference might be due to a difference in 
chemical profiles but more research is required to confirm.  
 
 41 
• Hypothesis 3 - There is a dose response i.e an increase in volatile content 
decreases the level of inflammation 
Similarly to the IL-6 experiment, the linear regressions presented in Figure 25 show that 
for phenolics, there was a dose response i.e. the anti-inflammatory effect decreased as the 
concentration in phenolics decreased, even if the statistical model only revealed a significant 
difference in means between the 10X-diluted phenolics and the LPS control. 
In the case of volatile extracts, it appeared that the average effect of the three dilutions of 
a volatile extract were not significantly different from each other. However, this observation is 
cautiously formulated as the current data and model did not show strong evidence of a significant 
difference between the tested volatile extracts and the LPS control.  
V. Chapter 5: final conclusions. 
Based on the hypothesis that the blackberry volatile compounds contribute to the anti-
inflammatory capacities of blackberries and that several blackberry genotypes varying in volatile 
composition will possess varying anti-inflammatory capacities, three objectives were developed. 
The first objective was to identify and quantify the blackberry phenolic and volatile 
compounds of six-named varieties and ten advanced breeding lines in the University of Arkansas 
fruit breeding program. Using LC-MS, GC-MS and HPLC, a total of five anthocyanins, 14 
flavonols and 168 volatile compounds were identified among the 16 genotypes. In accordance 
with the ranges observed in the literature, total anthocyanins were quantified in ranges from 87 to 
235 mg/100g fresh weight (cyanidin 3-glucoside equivalent), total flavonols from 5 to 16 mg/100 
mL fresh weight (rutin equivalent), and total volatiles from 2419 to 5574 ppb fresh weight.  
The second objective was to evaluate the anti-inflammatory capacities on LPS-inflamed 
RAW264.7 cells of the blackberry phenolic and volatile fractions of three selected genotypes 
from objective 1 that varied in total volatile concentrations from low to medium and high: 
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A2528T (2419 ± 250 ppb), Natchez (3882 ± 584 ppb) and A2587T (5574 ± 1109 ppb). The 
antioxidant capacity of the extracts was evaluated through the DPPH assay which revealed, as 
expected, the absence of activity for volatile extracts, but high antioxidant capacity values for 
phenolic extracts, ranging from 24 to 30 µmol/L (Trolox equivalent). Then, the MTS assay was 
performed on both types of extracts and revealed no significant cytotoxicity of either phenolic or 
volatile extracts. Finally, RAW264.7 macrophage murine cells were exposed for an hr to a 10-, 
20- and 40-fold diluted phenolic extract or 2-, 4- and 8-fold diluted volatile extract prior to being 
inflamed by LPS. The anti-inflammatory effect of the extracts was measured through the 
concentration in Nitric Oxide (NO), Interleukin-6 (IL-6) and Tumor Necrosis Factor alpha (TNF-
a) within the cell supernatant, and compared to a positive control (p-value < 0.05). Phenolic 
extracts of A2528T, A2587T and Natchez diluted 10-fold significantly inhibited NO production 
by an average of 42%, 24% and 20%, respectively, while volatile extracts of the same genotypes 
diluted 2-fold significantly inhibited NO production by an average of 23%, 32% and 22%, 
respectively. The volatile extracts of all three genotypes (A2528T, A2587T and Natchez) at the 
2-fold dilution also inhibited interleukin-6 (IL-6) production by an average of 40%, 58% and 
45%. The concentrations in TNF-a within volatile extracts were not significantly different on 
average than the LPS control even though the levels were visually lower when looking at the 
graphs. Actually, within both the IL-6 and TNF-a assays, there was a visual clue of an anti-
inflammatory effect of phenolic and volatile extracts, but a small sample size and wide 
variability did not allow the statistical model to highlight significant difference between the 
extracts and the positive control. 
The third objective was to confirm that the anti-inflammatory effect observed within the 
blackberry volatile extracts was indeed due to the volatiles. The absence of phenolics and 
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antioxidant activity in the volatile extracts was revealed using the Folin-Ciocalteu assay and the 
DPPH assay, respectively. Based on the hypothesis that the hydrodistillation process used to 
extract volatile compounds might have extracted unwanted compounds with an anti-
inflammatory activity, a solution of standard volatiles was prepared in the lab based on the list of 
major volatiles previously identified in the extracts. The levels of NO, IL-6 and TNF-a observed 
in the supernatant of cells exposed to the mixed standards solution for an hr prior to 
inflammation of cells showed no significant difference with those of the volatile extract. This 
result proves that the effect observed within the volatile extracts is indeed due to the volatile 
compounds and not other compounds extracted by the distillation process.   
Regarding the hypothesis formed at the beginning of this project, we confirmed that 
blackberry volatile compounds significantly contributed to the anti-inflammatory capacities of 
blackberries. Indeed, levels of nitric oxide were significantly lower after a one-hr treatment with 
volatile extracts at the 2-, 4- or 8-fold dilution or phenolic extract at the 10-fold dilution. The fact 
that no significant difference was observed between the volatile and phenolic treatments and that 
the phenolic extracts were much more concentrated than the volatile extracts, there is evidence 
that the volatiles have a potentially greater effect than phenolics. Additionally, concentrations in 
IL-6 were significantly lower within the volatile extracts of all dilutions, and the phenolic 
extracts at the 40X dilution and concentration of TNF-a revealed a significant difference 
between the LPS control and the 40X phenolic extracts only. Even though there seems to be a 
lower concentration in TNF-a within all volatile extracts, more data needs to be collected in 
order to strengthen the existing data and allow the model to discriminate for stronger evidence of 
an anti-inflammatory effect. 
 
 44 
We did not confirm that blackberry genotypes varying in volatile composition possessed 
varying anti-inflammatory capacities. The statistical model used in this study did not reveal a 
significant difference in effect between genotypes that had a low, medium or high concentration 
in total volatiles. However, differences in blackberry composition between our study and Gu et 
al.’s (2020) led to different levels of inhibition of NO, IL-6 and TNF-a.  
Finally, we observed a dose response relationship between the concentration in volatile 
and the inhibition of NO production, but not with IL-6 nor TNF-a.  
The present research project strengthens the findings and data on a topic that is relatively 
new. Before this project started, only one paper had been published on the anti-inflammatory 
properties of berry volatiles and in this case, of cranberry volatiles (Moore et al., 2019). During 
the project, another publication demonstrated the ability of multiple berry phenolic and volatile 
extracts to inhibit the production of NO, IL-6 and TNF-a (Gu et al., 2020). These two 
preliminary papers and the present research project demonstrated the promising effect of berries 
on inflammatory mechanisms and triggered the need for more insight into the ability of berries to 
potentially prevent chronic diseases. However, before drawing such a strong conclusion, many 
questions remain, such as the anti-inflammatory effect of individual volatiles, potential 
synergistic effects between phenolics and volatiles, or between individual volatiles, or between 
different berries. Questions on metabolism, bioavailability, and replication of the results will also 
have to be answered through animal studies, and, eventually, human studies. The present 
research project definitively opened doors to new questions and research opportunities.
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VII. Tables and figures 
 




Figure 2: Antioxidant and anti-inflammatory effect of berry phenolics on the inflammatory 
and oxidative process (Joseph et al., 2014).  
ROS, reactive oxygen species; OH•, hydroxyl radical; O2–•, superoxide radical; AP-1, activator 














Figure 5: Major volatile classes in Prime-Ark® and Osage blackberries grown at the 






















































Figure 6: Ten major volatile classes among ‘Marion’ and ‘Thornless Evergreen’ 
blackberries cultivated in 1999, 2000 and 2001 in Oregon, USA (Qian & Wang, 2005), and 
‘Marion’ and ‘Black Diamond’ blackberries cultivated in 2004 and 2006 in Oregon, USA 
(Du et al., 2010). 
 
 
Figure 7: Ten major volatiles identified in ‘Marion’ and ‘Thornless Evergreen’ 
blackberries cultivated in 1999, 2000 and 2001 in Oregon, USA (Qian & Wang, 2005), and 
‘Marion’ and ‘Black Diamond’ blackberries cultivated in 2004 and 2006 in Oregon, USA 
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Table 1: Composition attributes of blackberry genotypes.  
 
Genotype pH Soluble solids (%) Titrable Acidity (%) SS/TA 
A2526T 3.4 ± 0.1 cdef 10.8 ± 0.6 cd 1.0 ± 0.2 bcde 10.9 ± 2.6 bc 
A2528T 3.1 ± 0.1 fg 10.0 ± 0.6 d 1.3 ± 0.1 abc 7.6 ± 1.2 bc 
A2538T 3.3 ± 0.0 cdef 12.2 ± 0.6 ab 1.2 ± 0.05 abc 10.2 ± 0.5 bc 
A2547T 3.8 ± 0.1 ab 10.6   cd 0.6 ± 0.1 de 17.8 ± 2.1 a 
A2587T 3.4 ± 0.02 cdef 9.7 ± 0.7 d 0.9 ± 0.1 cde 11.1 ± 1.8 bc 
A2610T 3.2 ± 0.02 def 10.5 ± 0.3 cd 1.4 ± 0.1 ab 7.3 ± 0.6 bc 
A2620T 2.9 ± 0.03 g 9.7   d 1.7 ± 0.1 a 5.7 ± 0.4 c 
A2658T 3.1 ± 0.03 fg 10.8 ± 0.4 cd 1.3 ± 0.1 abc 8.5 ± 0.7 bc 
A2701T 3.3 ± 0.1 cdef 10.2 ± 0.4 d 1.0 ± 0.1 bcde 10.2 ± 1.7 bc 
APF409T 3.2 ± 0.1 def 12.3 ± 0.5 ab 1.2 ± 0.1 bc 10.4 ± 0.2 bc 
Cad 3.2 ± 0.1 efg 10.4 ± 0.5 cd 1.2 ± 0.1 abc 8.6 ± 1.4 bc 
Nat 3.5 ± 0.1 bcde 10.0 ± 0.5 d 1.1 ± 0.4 bcd 10.3 ± 3.9 bc 
Osa 3.6 ± 0.2 abc 11.7 ± 0.6 abc 1.0 ± 0.4 bcde 13.3 ± 5.0 ab 
Oua 3.5 ± 0.2 abcd 12.5 ± 0.3 a 0.9 ± 0.2 bcde 13.8 ± 2.8 ab 
PA45 3.4 ± 0.1 cdef 10.9 ± 0.4 bcd 0.8 ± 0.1 cde 13.4 ± 2.0 ab 
PAT 3.8 ± 0.03 a 10.3 ± 0.3 d 0.5 ± 0.01 e 19.5 ± 1.0 a 
 
Highlighted in light purple is the smallest value observed among all samples and in dark purple 
the highest value observed. Means with different letters for each attribute are significantly 
different (p < 0.05) using Tukey’s HSD test (each column is independent). Results are expressed 
as mean ± SD (n = 3). 
 
SS: Soluble Solids, TA: Titrable Acidity, Cad: Caddo, Nat: Natchez, Osa: Osage, Oua: Ouachita, 











Figure 8: HPLC chromatograms of anthocyanins at 510 nm in blackberries of group (1), 











Table 2: Peak assignments, retention times (RT) and mass spectral data of anthocyanins 
detected in blackberry samples. See Figure 1 for chromatograms. 
Peak HPLC RT 
(min) 
Identification m/z [M+] Fragments 
1 32.4 Cyanidin 3-glucoside 449 287 
2 34.8 Cyanidin 3-rutinoside 595 449, 287 
3 40.5 Cyanidin 3-xyloside 419 287 
4 41.4 Cyanidin 3-malonylglucoside 535 287 









Table 3 (1/2): Anthocyanin concentration in blackberry genotypes.  
 
Genotype Cyanidin 3-glucoside Cyanidin 3-rutinoside Cyanidin 3-xyloside 
A2526T 182 ± 2 b ND 
  
g 8.3 ± 0.5 c 
A2528T 118 ± 11 defg 11.1 ± 0.4 d 6.2 ± 0.5 cde 
A2538T 144 ± 18 bcde ND 
  
g 4.6 ± 0.8 def 





A2587T 117 ± 13 defg 5.1 ± 0.4 f 11.5 ± 1.7 ab 
A2610T 149 ± 9 bcd 11.5 ± 0.2 d 4.9 ± 0.2 def 





A2658T 80 ± 4 g ND 
  
g 3.9 ± 0.3 ef 
A2701T 124 ± 7 cdef ND 
  
g 8.8 ± 0.6 bc 
APF409T 159 ± 24 bc 7.0 ± 0.5 e 14.0 ± 3.1 a 
Cad 162 ± 16 bc 25.9 ± 1.3 a 5.3 ± 0.4 def 
Nat 137 ± 9 cdef 4.3 ± 0.1 f ND 
  
g 
Osa 154 ± 11 bcd 19.5 ± 0.6 b 5.3 ± 0.5 def 
Oua 160 ± 6 bc ND 
  
g 7.2 ± 0.4 cd 
PA45 109 ± 20 efg 15.0 ± 1.1 c 3.8 ± 1.0 ef 
PAT 100 ± 13 fg ND 
  
g 3.1 ± 0.4 f 
 
Highlighted in light purple is the smallest concentration observed among all samples and in dark 
purple the highest concentration observed. Results are expressed in mg/100g fresh weight, 
cyanidin 3-glucoside equivalents. Means with different letters for each attribute are significantly 
different (p < 0.05) using Tukey’s HSD test (each column is independent). Results are expressed 
as mean ± SD (n = 3). 
 






Table 3 (2/2): Anthocyanin concentration in blackberry genotypes.  
 
Genotype Cyanidin 3-malonyl- glucoside 
Cyanidin 3-
dioxalylglucoside Total anthocyanin 
A2526T 7.3 ± 0.4 a 12.6 ± 0.8 b 210 ± 3 ab 
A2528T 4.0 ± 0.2 fgh 7.8 ± 0.1 c 147 ± 12 defg 
A2538T 5.7 ± 0.7 bcd 8.2 ± 1.0 c 162 ± 20 cdef 
A2547T 3.5 ± 0.3 hi 2.0 ± 0.1 fg 235 ± 10 a 
A2587T 4.9 ± 0.6 def 1.6 ± 0.1 fg 140 ± 15 efg 
A2610T 4.7 ± 0.1 defg 1.8 ± 0.04 fg 172 ± 9 bcdef 
A2620T 6.2 ± 0.3 bc 1.8 ± 0.2 fg 135 ± 12 fg 
A2658T 1.4 ± 0.1 j 1.1 ± 0.1 gh 86 ± 5 h 
A2701T 3.7 ± 0.3 ghi 16.3 ± 1.2 a 153 ± 8 defg 
APF409T ND   k ND   h 180 ± 28 bcde 
Cad 6.6 ± 0.4 ab ND   h 200 ± 18 abc 
Nat 4.0 ± 0.3 fgh 6.7 ± 0.4 c 152 ± 8 defg 
Osa 4.8 ± 0.1 def 2.9 ± 0.2 def 187 ± 12 bcd 
Oua 4.6 ± 0.1 efg 3.9 ± 0.2 de 175 ± 7 bcdef 
PA45 5.5 ± 0.6 cde 2.4 ± 0.5 efg 135 ± 23 fg 
PAT 2.7 ± 0.4 i 4.2 ± 0.8 d 110 ± 14 gh 
 
Highlighted in light purple is the smallest concentration observed among all samples and in dark 
purple the highest concentration observed. Results are expressed in mg/100g fresh weight, 
cyanidin 3-glucoside equivalents. Means with different letters for each attribute are significantly 
different (p < 0.05) using Tukey’s HSD test (each column is independent). Results are expressed 
as mean ± SD (n = 3). 
 










Figure 9: HPLC chromatograms of flavonols at 360 nm in A2526T (1), A2658T (2) and 
A2701T (3). See Table 4 for peak identification. 
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Table 4: Peak assignments, retention times (RT), wavelength of peak maximum 
absorbance, and mass spectral data of flavonols detected in blackberry samples. See Figure 







Tentative identification m/z 
[M-] 
Fragments Reference 
1 40.7 253, 361 Ellagic acid-pentose 
conjugate 
433 301 Kolniak-Ostek 
et al., 2015 
2 41.2 253, 360 Isorhamnetin 3-
glucuronide tentative 
491 315  
3 42.2 254, 361 Unknown flavonol Undetected by 
LC-MS 
 
4 42.6 255, 354 Quercetin 3-rutinoside 609 301 Cho et al., 
2005 
5 43.4 253, 359 Quercetin 3-galactoside 463 301 Cho et al., 
2005 
6 44.1 254, 355 Quercetin 3-glucoside 463 301 Cho et al., 
2005 
7 45.1 256, 357 Quercetin 3-glucuronide 477 301 Cho et al., 
2005 




607 463, 301 
 
Cho et al., 
2005 




607 463, 301  
10 47.6 256, 352 Quercetin 3-
acetylgalactoside tentative 
505 463, 301 Cho et al., 
2005 
11 48.2 257, 348 Quercetin pentoside 
tentative 
433 301 Cho et al., 
2005 
12 48.8 256, 353 Unknown Quercetin 
derivative 
505 463, 433, 
301 
Cho et al., 
2005 
13 49.4 250, 365 Methylellagic acid 
pentoside  
447 315, 301 Kolniak-Ostek 
et al., 2015 
14 50.3 256, 355 Quercetin-3-O-
acetylhexoside tentative  
505 301 Kolniak-Ostek 












glucuronide Unknown flavonol Que 3-rutinoside 
A2526 0.70 ± 0.1 c ND    ND    2.06 ± 0.2 b 
A2528 1.35 ± 0.1 b ND    ND    3.35 ± 0.2 a 
A2538 ND    0.78 ± 0.02 bc 2.25 ± 0.1 b 0.51 ± 0.01 fg 
A2547 ND    1.01 ± 0.1 a 0.80 ± 0.04 ef 0.74 ± 0.1 f 
A2587 ND    ND    0.92 ± 0.1 def 1.89 ± 0.3 bc 
A2610 ND    0.47 ± 0.003 d 2.79 ± 0.03 a 0.42 ± 0.03 g 
A2620 1.73 ± 0.1 a ND    1.24 ± 0.01 cd 0.70 ± 0.03 f 
A2658 ND    0.98 ± 0.1 ab ND    1.77 ± 0.1 c 
A2701 1.34 ± 0.2 b ND    0.59 ± 0.1 f 1.45 ± 0.3 d 
APF409 0.50 ± 0.01 c ND    1.39 ± 0.1 c 0.57 ± 0.03 fg 
Cad 1.31 ± 0.2 b ND    2.56 ± 0.3 ab 1.09 ± 0.2 e 
Nat 1.09 ± 0.1 b ND    0.98 ± 0.1 de 2.01 ± 0.2 bc 
Osa ND    0.79 ± 0.1 abc 1.34 ± 0.1 c 0.50 ± 0.1 fg 
Oua ND    0.48 ± 0.1 d 0.74 ± 0.1 ef 0.55 ± 0.05 fg 
PA45 ND    0.57 ± 0.04 cd 1.43 ± 0.1 c 0.67 ± 0.1 fg 
PAT ND       0.48 ± 0.1 d ND       1.88 ± 0.2 bc 
 
Highlighted in light purple is the smallest concentration observed among all samples and in dark 
purple the highest concentration observed. Results are expressed in mg/100g fresh blackberry, 
rutin equivalent. Means with different letters for each attribute are significantly different (p < 
0.05) using Tukey’s HSD test for multiple mean comparison (each column is independent). 
Results are expressed as mean ± SD (n = 3). 
 




Table 5 continued (part 2/4): Flavonol concentration of blackberry genotypes.  
 
Genotype 





A2526 1.41 ± 0.2 fg 1.56 ± 0.2 c 2.05 ± 0.4 cdef 1.18 ± 0.1 bc 
A2528 5.07 ± 0.5 a ND    2.80 ± 0.2 bc 2.71 ± 0.2 a 
A2538 3.55 ± 0.1 bc ND    2.21 ± 0.04 bcde 2.58 ± 0.3 a 
A2547 3.74 ± 0.1 b 2.70 ± 0.1 a 5.44 ± 0.5 a ND    
A2587 1.68 ± 0.3 efg 2.09 ± 0.3 b 0.94 ± 0.2 g ND    
A2610 5.09 ± 0.3 a ND    1.61 ± 0.2 defg ND    
A2620 1.92 ± 0.1 defg 0.61 ± 0.02 d 0.86 ± 0.02 g ND    
A2658 1.13 ± 0.1 g 1.19 ± 0.1 c 0.70 ± 0.1 g ND    
A2701 1.18 ± 0.3 g 1.18 ± 0.3 c 1.65 ± 0.5 defg 1.01 ± 0.2 c 
APF409 2.64 ± 0.3 cde ND    1.20 ± 0.2 efg ND    
Cad 3.67 ± 0.6 b 0.66 ± 0.1 d 1.35 ± 0.3 defg ND    
Nat 2.76 ± 0.3 bcd 1.39 ± 0.1 c 1.10 ± 0.1 fg 1.74 ± 0.3 b 
Osa 2.83 ± 0.4 bcd ND    3.25 ± 0.6 b ND    
Oua 1.67 ± 0.2 efg 0.53 ± 0.04 d ND  ND  ND    
PA45 2.27 ± 0.6 def 0.55 ± 0.2 d 3.19 ± 0.7 b ND    
PAT 2.50 ± 0.4 de ND       2.27 ± 0.3 bcd 1.68 ± 0.2 b 
 
Highlighted in light purple is the smallest concentration observed among all samples and in dark 
purple the highest concentration observed. Results are expressed in mg/100mL fresh blackberry, 
rutin equivalent. Means with different letters for each attribute are significantly different (p < 
0.05) using Tukey’s HSD test for multiple mean comparison (each column is independent). 
Results are expressed as mean ± SD (n = 3). 
 



















A2526 1.11 ± 0.1 a 1.09 ± 0.1 b 0.92 ± 0.1 bc ND    
A2528 ND    1.02 ± 0.1 b ND    ND    
A2538 ND    0.68 ± 0.1 cd 1.26 ± 0.2 ab ND    
A2547 ND    ND    1.73 ± 0.1 a ND    
A2587 ND    ND    1.66 ± 0.2 a 1.34 ± 0.2 a 
A2610 ND    0.65 ± 0.04 cd 1.61 ± 0.1 a ND    
A2620 ND    ND    0.75 ± 0.1 bc ND    
A2658 ND    ND    0.87 ± 0.1 bc 0.60 ± 0.1 b 
A2701 0.59 ± 0.1 b 0.43 ± 0.1 d 0.57 ± 0.2 c ND    
APF409 ND    0.94 ± 0.2 bc ND    ND    
Cad ND    1.47 ± 0.1 a ND    ND    
Nat 0.41 ± 0.03 c 0.85 ± 0.1 bc 0.53 ± 0.1 c ND    
Osa ND    ND    0.89 ± 0.05 bc ND    
Oua ND    ND    0.64 ± 0.1 c ND    
PA45 ND    ND    1.56 ± 0.5 a ND    
PAT ND       ND       1.02 ± 0.1 bc ND       
 
Highlighted in light purple is the smallest concentration observed among all samples and in dark 
purple the highest concentration observed. Results are expressed in mg/100mL fresh blackberry, 
rutin equivalent. Means with different letters for each attribute are significantly different (p < 
0.05) using Tukey’s HSD test for multiple mean comparison (each column is independent). 
Results are expressed as mean ± SD (n = 3). 
 














A2526 0.18 ± 0.04 a ND   12.3 ± 1.1 bc 
A2528 ND    ND   16.3 ± 1.3 a 
A2538 ND    ND   13.8 ± 0.7 ab 
A2547 ND    ND   16.2 ± 0.6 a 
A2587 ND    ND   10.5 ± 1.6 bcd 
A2610 ND    ND   12.6 ± 0.8 abc 
A2620 ND    ND   7.8 ± 0.02 de 
A2658 ND    0.74 ± 0.05 8.0 ± 0.5 de 
A2701 0.30 ± 0.04 b ND   10.3 ± 1.6 bcd 
APF409 ND    ND   7.2 ± 0.7 de 
Cad ND    ND   12.1 ± 0.6 bc 
Nat ND    ND   12.9 ± 1.3 abc 
Osa ND    ND   9.6 ± 1.3 cd 
Oua ND    ND   4.6 ± 0.5 e 
PA45 ND    ND   10.3 ± 2.1 bcd 
PAT ND       ND     9.8 ± 1.2 cd 
 
Highlighted in light purple is the smallest concentration observed among all samples and in dark 
purple the highest concentration observed. Results are expressed in mg/100mL fresh blackberry, 
rutin equivalent. Means with different letters for each attribute are significantly different (p < 
0.05) using Tukey’s HSD test for multiple mean comparison (each column is independent). 
Results are expressed as mean ± SD (n = 3). 
 






Figure 10: Percentage of each class of volatile compound in all blackberry genotypes. 
 
 


















































































































































Figure 12: PCA plot using cumulative concentrations of each class of volatile compound for 
each genotype. Nat, A2587T and A2528T were selected for the next steps of the project. 




Figure 13: Blackberry genotype sorting based on average total volatile concentration (ppb). 
The genotypes selected for the project are highlighted in blue. 
Values represent mean ± SD (n = 3). Oua: Ouachita, PA45: Prime Ark® 45, Nat: Natchez, Cad: 
Caddo, Osa: Osage, PAT: Prime Ark® Traveler. 
 

















































Average total volatile compounds (ppb)
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Table 6: Anthocyanin (mg/100g cyanidin 3-glucoside equivalent) concentrations of the 
selected genotypes before and after SPE preparation for cell culture.  
 















117 ± 6 c 12.2 ± 0.6 a 6.5 ± 0.5 c 4.5 ± 0.8 c 8.0 ± 0.2 a 148 ± 10 b 




174 ± 1 b 7.8 ± 0.3 b 16.4 ± 0.4 a 7.0 ± 0.9 a 2.3 ± 0.7 b 208 ± 3 a 




205 ± 13 a 6.8 ± 0.4 b ND  5.9 ± 0.3 ab 8.8 ± 0.4 a 226 ± 14 a 
 
Results are expressed as mean ± SD (n = 3).  Means with different letters within columns are 
significantly different (p < 0.05) using Tukey’s HSD test for multiple mean comparison (each 





Figure 14: Total phenolic content (mg gallic acid equivalent/L) of blackberry phenolic and 
volatile extracts for Natchez (Nat), A2587T and A2528T genotypes measured through the 
Folin-Ciocalteu assay.  
Values represent mean ± SD (n = 3). 
 
Figure 15: Antioxidant capacity concentrations in Trolox equivalent (µmol/mL) of 
blackberry phenolic and volatile extracts for Natchez (Nat), A2587T and A2528T genotypes 
measured through the DPPH assay.  
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Table 7: List of the standard volatiles used in the mix preparation. 
Compound Concentration (ppb) 
 Compound Concentration (ppb) 
2-Heptanol 67.01  Hexanal  3.91 
Ethyl Acetate 64.54  Citronellol 3.85 
alpha-Terpineol 43.12  Pentanal 3.04 
Terpinen-4-ol  31.08  Benzaldehyde  2.87 
alpha, Para-
dimethylstyrene  27.79 
 1-Butanol, 3-methyl- 2.59 
1-Octanol 22.30  Octanal  2.42 
1-Hexanol  22.20  Ethyl hexanoate  2.13 
Geraniol  8.93  Toluene 1.68 
beta-Myrcene 8.43  2-Decenal 1.54 
3-Hexen-1-ol 7.90  1-Nonanol  1.49 
Perillic alcohol  7.85  Cymene  1.29 
Myrtenol 7.38  1-Heptanol  1.09 
Linalool 7.05  2-Heptanone  1.03 
Thymol 6.59  1-Octen-3-ol  1.02 
D-Limonene 6.50  3-Hexen-1-ol 0.97 
Decanal  6.32  1-Decanol 0.83 
2-Hexenal 6.25  5-Hepten-2-one, 6-methyl-  0.42 
Nerol 6.04  Methyl octanoate 0.34 
Nonanal 5.07  beta-Ionone 0.26 
alpha-Terpinene 5.00  2-Octenal 0.22 
1-Pentanol  4.32  Heptanal  0.07 




Figure 16: Percentage of viability of RAW264.7 cells after a preventive treatment of one, 
two and three hrs with phenolic extracts (“Phe”) diluted 10-, 20- or 40-fold or volatile 
extracts (“Vol”) diluted 2-, 4- or 8-fold.  
* means that the condition was significantly different than the control (i.e. cells that received 

































































































Table 8: Concentrations of total phenolics (ppm) and total volatiles (ppb) in the blackberry 
phenolic and volatile extracts, respectively.  
 
  Total phenolics (ppm) in phenolic extract Total volatiles (ppb) in volatile extract 
Dilution 
factor 10X 20X 40X 2X 4X 8X 
A2528T 481 ± 34 240 120 186 ± 36 93 46 
A2587T 412 ± 21 206 103 546 ± 42 273 136 
Natchez 443 ± 14 222 111 294 ± 37 147 73 
 
Values correspond to the average of three extractions. The values for 10X and 2X dilutions were 
measured while the values for the other dilutions were calculated. (1 ppm = 1000 ppb). Results 





Figure 17: Average concentration of nitric oxide (umol/L) produced by RAW264.7 cells 
after a preventive treatment with phenolic extracts (“Phe”) diluted 10-, 20- or 40-fold or 
volatile extracts (“Vol”) diluted 2-, 4- or 8-fold, followed by LPS stimulation.  
The negative control (“NC”) corresponds to cells without treatment nor LPS stimulation. The 
positive control (“LPS”) corresponds to cells with LPS stimulation, but no treatment. The “Mix” 
is a lab-made solution of standard volatiles based on the average composition of the three 
blackberry volatile extracts. Conditions not connected by the same letter are significantly 






Figure 18: Linear regression between the concentration in nitric oxide (NO, µmol/L) and 





Figure 19: Percentage of inhibition of nitric oxide produced by RAW264.7 cells after a 
preventive treatment with phenolic ("Phe") extracts diluted 10-, 20- or 40-fold (top) or 
volatile (“Vol”) extracts diluted 2-, 4- or 8-fold (bottom), followed by LPS stimulation.  
The positive control (“LPS”) corresponds to cells with LPS stimulation, but no treatment. The 
“Mix” is a lab-made solution of standard volatiles based on the average composition of the three 



















































































































































































Table 9: Comparison of chemical profiles of blackberry phenolic and volatile extracts 
between the study of Gu et al. (2020) and the present research project. 
Compound Gu et al., 2020 The present research project A2528 A2587 Natchez 
Phenolic extracts 
Total phenolics (mg/100g) 386 481 412 444 
Total anthocyanins (mg/100g) 99 147 140 152 
Total flavonols (mg/100g) 7 16 11 13 
Volatile extracts 
Total volatiles (ppb) 12,220 5,574 2,419 3,882 
Acids (%) 58 2 5 4 
Esters (%) 10 9 11 10 
Monoterpenes (%) 10 33 4 16 
Alcohol (%) 18 28 1 9 
Aldehydes (%) < 2 27 21 22 
Ketones, lactones, sesquiterpenes, 
norisoprenoids (%) < 2 < 2 < 2 < 2 
 
 
Table 10: Concentrations of total phenolics (ppm) and total volatiles (ppb) in the 
blackberry phenolic and volatile extracts, respectively, after the pooling of the three 
replicates.  
 
  Total phenolics (ppm) in phenolic extract Total volatiles (ppb) in volatile extract 
Dilution 
factor 10X 20X 40X 2X 4X 8X 
A2528T 432 ± 12 216 108 132 ± 38 66 33 
A2587T 337 ± 9 168 84 357 ± 16 178 89 
Natchez 368 ± 17 184 92 314 ± 70 157 78 
 
The values for 10X and 2X dilutions were measured while the values for the other dilutions were 
calculated based on the measured concentration and dilution factor. (1 ppm = 1000 ppb). Results 





Figure 20: Average concentration of IL-6 (pg/mL) produced by RAW264.7 cells after a 
preventive treatment with phenolic extracts (“Phe”) diluted 10-, 20- or 40-fold or volatile 
extracts (“Vol”) diluted 2-, 4- or 8-fold, followed by LPS stimulation.  
The negative control (“NC”) corresponds to cells without treatment nor LPS stimulation. The 
positive control (“LPS”) corresponds to cells with LPS stimulation, but no treatment. The “Mix” 
is a lab-made solution of standard volatiles based on the average composition of the three 
blackberry volatile extracts. Conditions not connected by the same letter are significantly 




Figure 21: Linear regression between the concentration in IL-6 (pg/mL) and the dilution 





Figure 22: Percentage of inhibition of IL-6 produced by RAW264.7 cells after a preventive 
treatment with phenolic ("Phe") extracts diluted 10-, 20- or 40-fold (top) or volatile 
extracts diluted 2-, 4- or 8-fold (bottom), followed by LPS stimulation.  
The negative control (“NC”) corresponds to cells without treatment nor LPS stimulation. The 
positive control (“LPS”) corresponds to cells with LPS stimulation, but no treatment. The “Mix” 
is a lab-made solution of standard volatiles based on the average composition of the three 
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Figure 23 a: Average concentration of TNF-a (pg/mL) produced by RAW264.7 cells after a 
preventive treatment with phenolic extracts (“Phe”) diluted 10-, 20- or 40-fold or volatile 
extracts (“Vol”) diluted 2-, 4- or 8-fold, followed by LPS stimulation.  
The negative control (“NC”) corresponds to cells without treatment nor LPS stimulation. The 
positive control (“LPS”) corresponds to cells with LPS stimulation, but no treatment. The “Mix” 
is a lab-made solution of standard volatiles based on the average composition of the three 
blackberry volatile extracts. Conditions not connected by the same letter are significantly 




Figure 23 b: Average concentration of TNF-a (pg/mL) produced by RAW264.7 cells after a 
preventive treatment with phenolic extracts (“Phe”) diluted 10-, 20- or 40-fold or volatile 
extracts (“Vol”) diluted 2-, 4- or 8-fold, followed by LPS stimulation.  
 
The range of color represents the plate on which a replicate was tested. Plate_ID is the variable 






Figure 24: Percentage of inhibition of TNF-a  produced by RAW264.7 cells after a 
preventive treatment with phenolic ("Phe") extracts diluted 10-, 20- or 40-fold (top) or 
volatile (“Vol”) extracts diluted 2-, 4- or 8-fold (bottom), followed by LPS stimulation.  
The negative control (“NC”) corresponds to cells without treatment nor LPS stimulation. The 
positive control (“LPS”) corresponds to cells with LPS stimulation, but no treatment. The “Mix” 
is a lab-made solution of standard volatiles based on the average composition of the three 

































































































































































Figure 25: Linear regression between the concentration in TNF-a (pg/mL) and the dilution 





Repartition of blackberry samples among each microplate for the nitric oxide assay. R: 






A2528_R2_phe  Nat_R1_vol 
A2587_R1_vol  A2528_R2_vol 





A2528_R3_phe  A2587_R1_vol 
A2528_R3_vol  Nat_R3_vol 





A2587_R2_phe  A2587_R2_vol 
A2587_R1_vol  A2587_R3_phe 





A2587_R2_vol  A2587_R3_vol 
Nat_R2_vol  Nat_R2_vol 





A2528_R1_vol  A2587_R3_vol 
Nat_R2_phe  Nat_R2_phe 





A2528_R2_vol  Nat_R3_phe 
A2528_R3_phe  Nat_R1_vol 





A2528_R3_phe  A2528_R1_phe 
A2528_R2_vol   
Nat_R1_phe   
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Example of sample disposition among a 96-well plate (plate 1 from the previous table) 
 
 1 2 3 4 5 6 7 8 9 10 11 12 
A  100 ppm         
B  50 ppm  D1_r1 D1_r2 D1_r3 D1_r1 D1_r2 D1_r3  
C  25 ppm  D2_r1 D2_r2 D2_r3 D2_r1 D2_r2 D2_r3  
D  12.5 ppm  D3_r1 D3_r2 D3_r3 D3_r1 D3_r2 D3_r3  
E  6.25 ppm  D1_r1 D1_r2 D1_r3 D1_r1 D1_r2 D1_r3  
F  3.1 ppm  D2_r1 D2_r2 D2_r3 D2_r1 D2_r2 D2_r3  
G  1.6 ppm  D3_r1 D3_r2 D3_r3 D3_r1 D3_r2 D3_r3  
H  0 ppm         
 
Dark blue: Nitric oxide standard  






Phe: phenolic extract 
Vol: volatile extract 
R: replication of an extraction 
D: dilution of an extract (2-, 4- or 8-fold for volatiles, 10-, 20- or 40-fold for phenolics) 
r: replication of a sample among the microplate 
